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ABSTRACT
Macroscopic and microscopic adhesion tests were performed in an attempt to make
quantitative adhesion measurements. The microscopic adhesion measurements using the
AFM provided an opportunity to juxtapose these results with values predicted by wellestablished thermodynamic theory. Good correlation was found when probing lowenergy interactions. Interactions measured on high-energy surfaces were lower than
theory predicts, however, these results are consistent with other AFM results.

Several limitations of the AFM as a microscopic adhesion tester were elucidated - in
particular the necessity for the accurate evaluation of the tip radius and cantilever spring
constant. Scan rate an applied load also appeared to play a minor role in the measured
adhesion -low loads and low scan rates appearing to produce more accurate data.

Macroscopic adhesion tests performed on polyester and fluorocarbon paint coated sheet
steel, found the white polyester in question to be significantly poorer than all other paint
combinations evaluated in terms of pull-off strength, and environmental durability,
irrespective of ageing environment. This appears to be a result of the poor adhesion of the
pigment to the binder. Primer "B" (standard duty) primer appeared to provide superior
pull-off strength to Primer "A" (severe environment) primer, and it was noted that a
thinner layer of primer vastly increased the measured pull-off strength of the paint coating
to the substrate.

The results of the macroscopic tests indicate that the adhesive properties of the paint
coatings are much superior to their cohesive strength, and that attempts to improve the
performance of these coatings should concentrate on their mechanical properties rather
than their adhesion.
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INTRODUCTION
The need for a proper understanding of the fundamental basis of adhesion for relevant
scientific and applicative reasons has been recognised for nearly a centuryl. Many
theories aiming at providing a universal solution have been proposed and have been
proved to be insufficient to adequately and comprehensively describe adhesion
phenomena. Currently, it is widely accepted that four mechanisms are responsible for
adhesion2-4. These are: (a) mechanical interlocking, (b) interdiffusion, (c) electrostatic
attraction, and (d) chemisorption/adsorption. These mechanisms obviously operate at
different scales of distance - from atomic scale for chemical bonds, to the macro scale in
the case of mechanical interlocking. Adhesion tests used to produce qualitative and
quantitative adhesion data such as the ubiquitous peel 5 and pull-ofr> tests, are
macroscopic tests. Large test areas would almost certainly encompass defects such as
voids, surface inhomogeneities, chemical heterogeneities and environmental
contaminants. These factors will make analysis difficult, and lead to variable results.
Many such tests for each system would obviously be imperative before truly
representative data is acquired. Adhesion tests on the atomic scale such as "force-distance
profiles" produced by the recently developed Atomic Force Microscope (AFM) - a type of
Scanning Probe Microscope (SPM) - however may be useful to quantify both the
molecular and atomistic interactions7-15 between substrate and adhesive, and can be used
to produce a spacial map of the "adhesiveness" of a sample 9 , 14, 16, 17 with respect to a
coating layer - such as an adhesive. The AFM is capable of evaluating the three important
parameters which determine adhesion 18 - surface roughness of the adherend, chemical
adhesion (van der Waals and acid-base interactions), and the mechanical properties such
as modulus and hardness of the adhesive and adherend.

This thesis reports on an investigation of two parts: firstly the adhesive/cohesive
properties of paint films are examined using traditional macroscopic test methods.
Secondly, the ability of the AFM to quantitatively determine adhesion on the micro- and
nanoscale is investigated using ideal systems.

la

Although the two parts of the thesis are separate studies, there is an obvious relationship in
that they both attempt to study polymer-metal adhesion. The AFM work is a first attempt to
measure adhesive forces between two solids with the aim of exploring the experimental
protocol needed to obtain reproducible and accurate values of adhesion forces.

It is possible that the AFM work could provide a measure of the intrinsic work of adhesion

(WA) which is determined by the strength of attractive forces operating at the interface.This
parameter is difficult to determine directly and much research has been devoted to indirect
measurements, such as contact angle I surface energy studies. The work of adhesion can be
obtained dircetly using the method of Johnson, Kendall and Roberts, however this is only
applicable to situations where the contact area can be observed. Consequently, this is
usually restricted to using elastomeric beads of several millimetres in diameter to contact a
flat surface. The AFM, on the other hand, allows contact to be made on the sub-micron
scale. It is, therefore, possible to probe adhesion foces as this scale and to explore nonhomogeneous surfaces. This is of more relevance in practical systems, since the surface
composition is likely to vary considerably.

Clearly considerable devleopment work is required to develop the AFM as a instrument for
mapping the "adhesiveness" of a given surface. This aim is beyond the scope of the present
thesis. Instead, an attempt is made to show that the adhesion forces measured using the
AFM may be used to calculate the work of adhesion for systems that are well characterised.
Of necessity, this means that ideal systems only will be studied.

A convenient method for determining the work of adhesion would greatly facilitate practical
adhesion research. This is because the practical adhesion is a function of the intrinsic
adhesion. The exactJorm of the function is still being debated and much of the debate

Ib

centres on the relevance of the indirect methods used to measure WA •

However, it is

shown in the present work that the AFM can provide an accurate measure of WA for ideal
systems, providing some justification for others to further develop the AFM for use in
practical (ie. "non-ideal") systems.

To balance these fundamental studies on adhesion, this thesis also contains a separate study
of practical adhesion. The subject is paint adhesion to a metallic substrate, which is of great
importance in many manufactured products. This study aims to relate the practical adhesion
to the composition of the paint coating and, in particular, to study how the adhesion
changes with time. The adhesion was detennined using conventional (macroscopic)
adhesion tests which provides a value of "adhesion strength". The latter is dependent upon
the work of adhesion, the amount of "other" energy absorbing processes that are occurring
during detachment, the geometry of the test piece and the type of forces that are applied.

Ultimately, the results of the practical adhesion strength should be compared with the work
of adhesion for the same system. However, given the very recent advent of AFM and the
uncertainty regarding adhesion measurements using the AFM, this comparison is not
attempted in this thesis. The two parts of the thesis are intended to be separate, {'standalone" studies that are only related by their common basis in adhesion measurement.
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1.

ORGANIC COATINGS For
SHEET STEEL
1.1. Surface Coatings
The practice of surface coating is not a recent development. Ancient Egyptians used gold
cladding to adorn the burial sarcophaguses of pharaohs. Earlier still, Paleolithic man used
paints to record victories in hunting and ceremonial events on cave walls. Until this
century the range of coatings consisted almost entirely of basic plant resins, animal byproducts, and some metallic-oxide paints. This century has seen coating science
transform rapidly from essentially a black magic, with limited in-house batch production,
to a huge research intensive, highly scientific multi billion dollar industry.

Significant effort has been directed towards chemical and physical analysis of coatingsubstrate systems, yet the question of why coatings adhere (and often don't adhere
acceptably) has not been precisely elucidated. Further advances in this field will to some
degree, be dependent on the evolution of the technique from an art to a science. Despite
what is known about coating materials, their formulations and use, the technology is still
primarily supported by empirical findings.

It is timely to note the difference between a "coating" and a "film" - terms which are
frequently bandied about and used interchangeably in the coating industry. In most cases
this is acceptable. However strictly speaking a "coating" is defined as a thick "film". The
thickness which delineates the two terms is arbitrarily defined and may vary depending
upon the field of use. As a guide, a film is any surface layer less than 1 }fm in thickness.
A coating is any film thicker than this.
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1.2. Surfaces
Surfaces are simultaneously omnipresent and enigmatic. Omnipresent because they occur
on every object, and enigmatic because they are two-dimensional in a three-dimensional
world 19. A whole field is devoted to studying surfaces, and while far from being well
understood, are of great technological importance. Atoms in the surface layers experience
unbalanced electronic forces, unlike atoms in the bulk material. These atoms are also the
ones which make contact with the electronic fields of atoms on an adjacent surface, which
can alter their nature and the way they behave.

Surfaces represent a physical boundary between two phases, whether they be of the same
state such as a metal-to-metal contact, or dissimilar as evinced by a solid in a fluid such as
air. Several important characteristics of a material rely upon the nature of this boundary,
including corrosion, adhesion, wear, friction, and tensile strength. A multifarious array
of coatings exists which can be applied to alter the properties of surfaces, and improve
the range of applications for which a material may be applicable.

Solid surfaces are rarely smooth microscopically, and almost never atomically flat (an
important exception to this is cleaved mica). This has important ramifications for surface
coatings. For example, for a coating to adequately wet and adhere to a substrate, it must
be able to penetrate the surface irregularities. Hence coating rheology is another factor of
importance which should be considered when selecting an appropriate coating material.

1.3. Impetus for Coating
It is only the noble metals, stainless steels, a few special metals such as aluminium and
titanium, and to a lesser extent in nonferrous metals where the basic properties of strength
and workability are satisfactorily combined with good surface properties 20. The most
widely used metallic materials, plain carbon and low-alloy steels, normally require
suitable surface protection.
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Coatings have considerable importance in modern technology, and are becoming
increasingly more so as they become more diverse and the demands placed on them
increase, both in range of applications and quality of performance. It was only four to
five decades ago that organic surface coatings were almost synonymous with
oleoresinous paints as is evident in the limited scope of the literature of that era21 . In the
last few decades our perspectives on them have broadened and deepened. No longer are
they thought of solely for decoration or protection of engineering structures. Today
sophisticated applications exist for coatings such as in electronics, waste treatment, solar
and nuclear energy generation, biomedical, high temperature, corrosion, and many other
modern industrial situations 19. It is estimated that today the global coatings industry
generates close to A$50 billion dollars, and growth is anticipated at 7 percent per
annum 22 .

Coatings are employed both to remedy deficiencies of substrates and to confer additional
properties to them. The application of a surface coating permits the modification of the
surface characteristics independently of the bulk material. Such coatings extend the use of
components manufactured by conventional processes to many new applications in a
diverse range of technological areas. Ceramics, wood and metals were traditionally
protected by coatings, but they are increasingly becoming more sophisticated. No longer
are they simply passive barriers but often play an active role; chemically, biologically or
electrically. Examples of such are coatings which release inhibitors to prevent corrosion,
coatings which release biocides such as marine anti-fouling agents or antifungal paints,
and coatings which detect and respond to radiation. Whatever the desired end property,
what all coatings possess in common can in general be expressed in economic terms and
calculated in teIJIls of (a) energy savings, (b) reduced down-time and maintenance, (c)
increased life-time, (d) capital savings, or (e) alternate materials substitution23 . It is
obvious that a coating must provide a significant increase in one or more of these areas
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andlormustincrease the value of the product to which the coating is applied for it to be
economically feasible.

All varieties of macromolecule can be found in coatings. Organic macromolecular
coatings, inorganic macromolecular coatings and metallic coatings are the most common
type of coating. Organic polymeric coatings are generally composite materials, consisting
of a matrix (binder) filled with a second material (pigment). The interaction of these two
components forms the basis of much paint technology. Inorganic macromolecular
coatings are typified by ceramic glazes. Galvanised steel utilises a thin layer of zinc or
aluminium and is a classic example of a metallic coating.

1.4. Organic Coatings on Steel
Steel has many favourable properties which make it suitable for a vast array of
applications. It is the most widely used of all the metals and alloys, and has formed the
backbone for growth of modern society since around the time of the industrial revolution.
However steel's Achilles heel is its poor resistance to degradation in even relatively mild
environments. Alloying is the only successful way of improving the inherent resistance
of steel, but the cost of alloying additions makes such high-alloy steels prohibitively
expensive and these steels are often more difficult to machine and form. A more feasible
approach may be to use surface engineering to produce a degradation-resistant surface on
a relatively cheap and readily formed steel substrate. Often this involves the use of a
sacrificial coating such as zinc, aluminium, tin, or lead, or combinations of them. These
metallic layers generally impart adequate protection to the substrate, providing an
acceptable solution for many applications. However they may be insufficient where
thermal or electrical considerations exist, or a specific texture or "feel" 24 is required such
as a rubberised surface. The main limitation though is the lack of aesthetic diversity of
such coatings. For these reasons organic coatings are important as surface coatings on
steel. These are usually applied over a protective metallic or alloy layer and may be
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formulated to contain degradation inhibiting ingredients so as to further improve the
performance of the substrate and help justify their higher production cost.

In the last 30 years there has been a major increase in the number of applications for
coated steels, and demand has grown rapidly. Today coated sheet steel is one of the
strategic products manufactured by many companies such as BHP Steel, Bethlehem
Steel, and British Steel Corporation, and represents a large and still expanding proportion
of their incomes.

Today organic coated steels (also referred to as prepainted steel) find uses in applications
as diverse as microwave ovens, automobiles, signs, roofing, fencing, and architectural
decoration. Intensive research has been conducted and is currently underway in order to
create new coated steel products which possess superior formability, adhesion,
temperature resistance, and durability which will further expand the already wide array of
end uses for this product.

Typically, steels are coated using a paint system comprising of several layers, each one
formulated to impart specific characteristics to the overall system. The paint system used
on BHP COLORBOND® comprises a chromate conversion coating, followed by a
primer layer and a topcoat. The main features of each layer is discussed below with
reference to their beneficial properties in relation to protection of the substrate.

1.5. Chemical Pretreatment/Conversion Coating
Subsequent to manufacture, metallic surfaces will possess an oxide layer which may be
unsuitable for further coating, or may limit the durability of the coated product. Chemical
pretreatment of the surface may yield improved service life. Such pretreatments may be
either organic25 -27 or inorganic28 , 29 and may alter the surface chemistry andlor
topography. Simple acid or alkaline etches are widely used within the aluminium industry
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to increase the surface area available to an adhesive and enhance bond durability.
Similarly, the surfaces of steel sheet are modified prior to both metallic and organic
coating deposition. In the case of zinc or aluminium-coated steel, the alloy layer is firstly
cleaned in an alkaline bath and dried. A chromate treatment is then applied. In the case of
BHP ZINCALUME@ - an aluminium/zinc coated sheet steel, a chromate conversion
coating is applied and allowed to dry prior to the application of the primer layer. This
layer enhances the chemical affinity of the substrate to the primer, which is usually an
epoxy-based system, and imparts improved corrosion protection of the substrate30.

Conversion coating formulations currently used with acceptable corrosion and durability
enhancement comprise an aqueous solution of chromate. The main disadvantage of this
process is that carcinogenic hexavalent chromium ions are present in the waste water,
which requires expensive treatment prior to disposal. As a consequence, vast research
has been conducted to find alternatives to this form of pretreatment. This is still in its
infancy and only a few alternatives have been elucidated which exhibit equivalent
performance of chromium-containing systems.

1.6. Primer
Primers provide an intermediate layer between the substrate and the topcoat layer(s).
Their main functions are to protect the substrate, provide a uniform opacifying colour,
and most importantly possess good adhesion between the substrate and subsequent layer.
Pigments, both coloured and non-coloured (extenders) are added to the polymeric binder
in order to enhance the protective nature of the primer layer. Anti-corrosive pigments
such as the ubiquitous industry standard strontium chromate, may be added in the primer.
As these control the corrosive processes at the substrate (strontium chromate inhibits both
cathodic and anodic corrosion processes), they must be as close to the substrate as
possible. Sacrificial micro-anodes in the form of metallic pigments may also be present in
the primer. In addition to these protective roles, the primer can act as a barrier to water by
incorporating hydrophobic or lamellar pigments31 . Primers used on steel substrates are
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commonly a type of epoxy due to their high adhesion to metal surfaces. This is due to
presence of exposed hydroxyl groups which have a strong affinity to polar surfaces such
as metal oxides. Epoxies also have the ability to be fonnulated such that they possess low
viscosities, enabling them to penetrate and wet the surface of the metal. Other attractive
attributes of epoxies are their high cohesive strengths, good resistance to moisture and
solvents with respect to other primer material candidates, low creep rates, and high
temperature resistance (useful not only in service, but also in high-temperature topcoat
cure cycles).

1.7. Topcoat Layer
The main role of the topcoat layer (or paint) is generally an aesthetic one. However, it
also serves to provide a protective layer for the primer. Water and UV absorption are two
critical factors in the success or failure of a topcoat in exterior applications. Formability
and compatibility with a certain primer to be applied also influence the choice of topcoat
system. This requires that both the binder and the incorporated pigments must be suitable
for the required service conditions. Often a certain type of binder will be unsuitable no
matter what type and quantity of pigment is added to it. In this case an alternate choice of
binder can usually be found, though the optimal type and volume fraction of pigments
may need to be empirically determined for each end use. In the case of BHP
COLORBOND, two types of topcoat comprise the majority of production - fluorocarbon
and polyester.

As with primers, light colours and tones will require a higher degree of pigmentation in
order to maintain a suitable masking effect of underlying colours. Titanium dioxide is the
most Ubiquitous pigment additive for this function and provides a brilliant white to paints.
Carbon black and chromium and iron oxides are other common pigment additives to
paints.
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1.7.1. Fluorinated Polymeric Coatings
Halogenated polymeric coatings provide films of significantly lower moisture
permeability than other polymeric coatings. This is reflected in their widespread use in
anti-corrosion coatings. They also exhibit markedly superior chemical and UV resistance.
It is for these three reasons that they are commonly used in high-performance exterior

topcoat applications. This stability is a result of the very high bond energy of the carbonto-halogen atom covalent bond, as evident by the supreme stability of the fluorine-carbon
bonds of PIFE. Polyvinylidene fluoride -[CH2CF2]-n (PVDF) is similar in structure to

PTFE, but has a significantly lower melting temperature (245°C32). This enables it to be
incorporated into other thermoplastic polymers more readily. A major application is its
use as a plastisollike dispersion in an acrylic resin33 which gives it solubility in common
solvents and facilitates adhesion to the primer. Type 1 COLORBOND, uses a 70:30 ratio
of PVDF to acrylic34, imparting it with excellent flexibility, exterior durability, a very
high gloss retention, and very low colour change upon environmental exposure.
However, due to the extreme pressures required during manufacture, this topcoat system
is more expensive than other coatings available such as polyester coatings.

1.7.2. Polyester Coatings
Polyesters used in coatings are typically low molecular weight, amorphous branched and
cross-linked polymers. They are prepared via step-growth polymerisation from polyols
and polybasic acids32:

HO-C-R-C-OH + (x+l)HO-R'-OH --------> HO-R'-[-O-C-R-C-O-R'-]x-OH + xH20

Diols, triols and dibasic acids are the most common reagents used to make coatings
polyesters. Generally excess polyol is used, hence the majority of polyesters used in
coatings are hydroxy-terminated. These are usually cross-linked with melamine-
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formaldehyde resins. By varying the monomer, properties of the cured (cross-linked)
film such as flexibility, hardness, abrasion resistance, toughness, resistance to
hydrolysis, and glass transition temperature (Tg) can be varied. Thermosetting polyesters
are used in applications where a low cost coating is required which will adhere well to
metal surfaces and is flexible enough to permit moderate forming operations. They are
less resistant to water permeation and have inferior durability to thermosetting acrylics
and fluorocarbons. These thermosetting polyester resins used in Type 2 COLORBOND.
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2.
ADHESION
FUNDAMENTALS
2.1. MECHANISMS of ADHESION
The four main theories which have been proposed to account for the phenomenon of
adhesion are: (a) diffusion, (b) mechanical interlocking, (c) electrostatic attraction, and
(d) chemical interaction.

2.1.1. Diffusion Theory
Adhesion between two phases can result due to intermixing of two materials at the
molecular level. This requires that the molecules existing in the interfacial zone must be
mobile enough to mix with one another, possess similar solubility parameters, and must
also exhibit a sufficiently high degree of compatibility to make interdiffusion possible.

Interdiffusion is important in the bonding of metals with rough porous oxides such as
aluUllniwn35. It is also of prime importance in the solvent welding of compatible,
amorphous polymers and the self (auto) adhesion of unvulcanised elastomers36. Due to
the lack of compatibility and limited mobility especially at high molecular weights, the
bonding of polymer surn,trates is unlikely to occur via a molecular diffusion process.

2.1.2. Mechanical Interlocking Theory
Mechanicalkeying, or "interlocking " of the adhesive into the irregularities or pores of a
surface may assist adhesion irrespective of any molecular interactions. However, the
attainment of strong bonds on smooth surfaces, and the limited penetration of adhesives
into some configurations of irregular cavities suitable for forming a mechanical key
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question the applicability of this theory. However, notable examples of this theory are the
calendering of textiles. Borrof[ and Wake37 showed that short fibre ends of spun yarn

performed better in rubber-coated textiles than continuous, smooth artificial fibres such as
nylon which provided limited keying sites. For mechanical interlocking to be effective the
adhesive must wet the adherend and possess low viscosity in order to flow into the pores
and not fann a mantle over neighbouring peaks38,

2.1.3. Electrostatic Theory
If a substrate and an adhesive possess opposite electronic charges they win experience a
mutual attractive electrostatic force. Where the electronic band structures of the adhesive
and adhefend vary significantly, electron transfer upon contact is probable, which will

balance both material '8 Fermi levels. This leads to the creation of a double layer of equal
yet opposite charges on both surfaces and hence electrostatic attraction36, This theory is
due predominantly to Derjaguin39. It essentially treats the substrateJadhesive system as a
capacitor which is charged due to the contact of the two different materials. Upon
separation of the system during bond failure, the potential difference between the two
counterfaces increases until a discharge occurs. This discharge has been experimentally
shown using pressure-sensitive tapes during peel tests. However many subsequent
researchers such as Wake40 have found discrepancies and inconsistencies with this
theory. The contribution to the total adhesion has also been shown to be very minor when

compared to primary and secondary forces 3,

2.1.4. Chemical! Adsorption Theory
This is the most widely accepted adhesion theory, and states that two materials will
adhere due to the attractive forces that exist between the atoms (or molecules) in the two
counterfaces provided sufficiently intimate molecular contact is achieved. The necessity
for intimate contact can be understood since these attractive forces decrease as the inverse
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sixth41 to inverse seventh42 power of the distance between interacting molecules. Three

forces contribute to this theory of adhesion: physical adsorption, which includes the
secondary (van def Waals) forces; chemical adsorption (chemisorption) which is due to
the formation of primary (ionic, covalent, or metallic) bonds; and quasi~chemical bonds
(hydrogen bond). While the formation of chemical bonds depends upon the nature of the
interacting txxlies, van def Waals forces are omnipresent and act over a relatively long

range. These are discussed in section 2.2.1. Chemisorption occurs when functional
groups within a substance (such as an adhesive) react with substrate surface groups. In

the case of adhesive bonding, this requires special preparation of the adhesive with
additives andlor the substrate by means of coupling agents. Chemisorption is believed to
offer substantial advantages in tenus of environmental stabili~' 36. 43. Hydrogen bonds
occur where a hydrogen atom is covalently bonded to a highly electronegative atom such
as 0, N. or F. Due to its tendency to become positively polarised, and its small size (ie
high polarisation-induced charge per unit mass), a hydrogen atom can interact strongly
with nearby electronegative atoms. Hydrogen bonds bridge the forces of physical
adsorption and the forces of chemisorption.

Fawkes et al4446 have proposed an additional contribution to adhesion which fits within
the boundaries of this theory of adhesion. The formation of acid-base interactions
between surfaces was hypothesised as representing a major type of intrinsic adhesion
force. Hydrogen bonds are included in this category as a subset of acid-base interactions.
Materials are considered to behave in one of three ways: (a) as an acid by accepting
electrons (a Lewis acid) or proton donation (Bronsted acid); (b) as a (Lewis) base by
donating electrons (or accepting protons); or (c) possessing both acid and base behaviour
(bipolar). Acid-base interactions are discussed in detail in section 2.2.3.
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2.2. INTERMOLECULAR and SURFACE FORCES
A force (F) is the negative derivative (gradient) of a potential (U) with respect to
separation distance(z):

au

F---

az

(2.1)

It is of interest to consider the total intermolecular pair-potential between two atoms or

molecules when considering smface and intermolecular forces. The best known of these
is a modification of Mie's interaction pair (X)tential theory, the Lennard-Jones or "6-12"

po1ential47:

U ( r ) -A
- - +B
U

r'

r

(2.2)

the intermolecular (or interatomic) separation being represented by r. A and B are
constants. In this potential, the first term is attractive and represents the instantaneous
dipole-dipole interaction between molecules - that is the van def Waals energy. The
second term is the electrostatic repulsion felt by the electrons in each molecule as the
orbitals start to overlap. At large interatomic spacings, the attractive term dominates. This

becomes weaker as the spacing decreases due to the increase in the repulsive force. At
small distances, the repulsive term dominates. There exists a potential energy minimum at
a finite interatomic separation - the equilibrium atomic spacing. Figure 2.1 shows a
representative energy versus distance cwve defIned by Equation 2.2.
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Figure 2.1: Schematic example of interaction as a function of
separation. Example shows the van der Waals interaction
for the two main operating modes used in the AFM

2.2.1. van der WaaIs Forces
van der Waals force is the umbrella term given to a set of forces characterised by the same
power dependence on distance!, The fundamental importance of van der Waals forces is
that they are omnipresent and as such are always present in the interaction of two bodies

unlike other kinds of forces that require a specific feature such as an electric charge
(electrostatic theory) or the fonnation of chemical bonds. They are responsible for the

formation of Langmuir-Blodgett multilayers, the self assembly of micelle and vesicles,
capillary action, wetting films, contact angles, and surface tension47 . 48.

Three forces contribute to the total van def Waals force. The first is dipole-dipole
(Keesom) forces arising from molecules with permanent dipoles fanned by the uneven
distribution of charge within the molecule. The second is dipole-induced dipole (Debye,
atomic poiarisability or induction) forces caused by a molecule with a permanent dipole
inducing a dipole in a neighbouring molecule by polarisation. Non-polar dispersion
(London) forces are the third contribution to the overall van der Waals force. These arise
from instantaneous dipoles produced by the motion of electrons around a nucleus.
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Because the fluctuations in the electron positions occur at approximately the same

frequency as UV light (10 15..- 1), UV light is scattered or dispersed by this phenomenon,
hence its name49, London forces are omnipresent and account for a major part if not all
of the strength of such polymers as polyethylene50, It has been suggested that hydrogen
bonds are largely responsible for producing the excellent bonding characteristics of epoxy
resins, and that these and secondary forces are in theory capable of producing bonds

between polymers equal in strength to that of the polymers themselves without the need
for chemical bonds2, 4,

K.eesom51 , Debye52, 53 and London54 {orces all share the common feature of possessing
an inverse dependence on the sixth power of the interatomic distance. Therefore the total
van def Waals contribution to the free energy of interaction can be written as the

summation of these three forces:

(2.3)

Together with a very-short ranged repulsive potential (Born repulsion) created by the

overlap between the electron clouds of atoms, Equation 2.3 descnbes the interaction of
isolated atoms or molecules in a vacuum. However, it is of more practical use to
define the interaction of macroscopic bodies in a medium. By making a few simple
assumptions, namely that the interaction is due only to dispersion, and that the
dispersion is isotropic, additiYe, and non-retarded, the van der Waa1s contribution
for more complex many-bcxJ.y systems can be evaluated. The requirement for isotropy is
due only for reasons of simplicity in integrating over the volume of interaction. The
assumption of additivity implies that the interactions are not complicated by many-body
effects, thus the van der Waals potential between macroscopic bodies can be obtained by
integrating over, the volume of the bodies. Retardation occurs when two atoms are at large
separations. The time taken for the electric field of one atom to reach the other and return
can approach that of the period of the fluctuating dipole Itself. When this occurs, the
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dipoles oscillate out of phase. As the separation increases, the phase discrepancy
increases, concomitantly decreasing the dispersion energy. In a Bohr atom, the electrons
travel at the speed of light (c= 3 x 108 m.s- I ) and possess an orbiting frequency (v) of
approximately 3.3 x 1015 s-I.47. Therefore the distance traveled by an electron during

one orbit of the nucleus will be equal to c I¥ which is of the order of 100 run. At
separations over 5 run 1, the dispersion energy will decay faster than the typical -1Ir6

relation, and approach a -11r7 dependence at r > 100 nm47. Retardation effects do not
influence other van def Waals forces.

Van def Waals forces between macroscopic bodies are more long ranged than between
atoms and molecules, and the exact power law that they obey will depend upon the shape
of the bodies. Also, the total free energy of interaction of macroscopic bodies depends
upon the size of the bodies as would be anticipated from the fact that free energy is an

extensive property. Additionally, the chemical and physical composition of the
macroscopic bodies involved in the interaction on the interaction itself need to be
considered. The Hamaker coustan~ (A) accounts for this effect:

(2.4)

where PI and pz are the number of atoms per unit volume and C is the London
coefficient which is a function of the relevant atomic or molecular parameters. The nonretarded van der Waals interaction for macroscopic bodies (W) can be calculated for
bodies of different geometries in terms of the Hamaker constant as shown in Figure 2.2.
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Figure 2.2:

=-

Sphere-Surface

W
ARl6D
F = ARl6))2

Parallel Surfaces

W = - A11z,,;))2
F = A/6ttl)3

Non~retarded

van der Waals interaction free energies (W)
and forces (F) between bodies of common geometrieal. 47.

The Derjaguin approximation conveniently relates the force law F(D) between two

spheres to the free energy interaction W(D) between two parallel plate,56, and

combinations of these geometries. This is discussed in section 2.2.2.
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2.2.2. The Derjaguin Approximation
Most of the data on molecular interactions has been derived experimentally in
thermodynamic terms, and as such, most relations between them are expressed in terms

of their interaction energies. However, it is easier 10 measure the forces between
macroscopic bodies, and these are more often of greater interest than their interaction
energies. For two interacting spheres, the force of interaction can be related to the van def

Waals interaction by integrating the volume of a disc of finite thickness over the entire
two spheres. When this is done, the force is:

(2.5a)

(2.5b)

Equation 2.5, which is the weH known DeJjaguin approximation, relates the force
between two spberes of radii RI and R2 in terms of the energy per unit area of two flat
surfaces at the same separation (D). or surface energy in medium X (Ysx). It can be

applied to any force law, whether attractive, repulsive or oscillatory, with the only
restriction being that the range of interaction and the separation is much less than the radii
of the spheres47. The van der Waals term WeD) can be interchanged with the work of

adhesion (WfrJ or work: of cohesion (WC) between two contacting spheres in a third

medium to find the adhesion force (F). Two important results: can be made from Equation
2.5. Firstly, if RI is much larger than Rz, then:

F(D) = ZltRI W(D)

=4:JtR 1y SX

(2.60)
(2.6b)
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which represents the limiting case of a sphere approaching a planar surface. Where the

spheres are of equal radii:

F(D) - "R l W(D)

(2.7a)

- 2:n;R l y sx

(2.7b)

which is half the value obtained from the sphere-flat interaction of Equation 2.6.

The asswnption made above that the van def Waals force between atoms in a macroscopic

body is a pairwise additive interaction insinuates that the interaction between a pair of
atoms would be unaffected by neighbouring atoms. In fact this is not the case, and the
atomic polarisability of an atom

win change in the

presence of other atoms. Such an

assumption of additivity breaks down especially in condensed phases where the mean

interatomic distance is small; the electric field from atom A will influence the
instantaneous dipole field of both atom B, and the surroWIding atoms, whose induced
dipoles will also affect atom B. Thus the field of atom A will reach atom B both directly
and indirectly through reflection from other atoms. This would make the calculation of
the van def Waals interaction extremely complex for such condensed phases. However,
Lifshitz57 derived an alternative approach which obviates such calculations. This is not
reiterated upon in this discourse for the sake of succinctness. In addition, the polarisation
and induction contributions to the total van der Waals force should not be ignored.

2.2.3. Acid-Base Interactions
Acid-base interactions, together with other short range forces including covalent bonding
and hydrogen bonding, determine the depth of the energy minima (well) in Figure 2.1.
The range of these forces is no greater than 0.1-0.2 nm and hence they are also referred
to as "contact" forces 58.
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In reality, no substance is ever completely polar; all materials are subject to ap:llar
interactions, such as London dispersion forces, but only polar materials may experience

acid-base interactions. The recent approach of van Oss, Good and Chaudhury59

considering the surface free energy as a sum of apolar Lifshitz-van def Waals ("(LW), and
polar acid-base interactions (yAB), clarifies problems associated with the geometric mean
approaches of Fawkes and Wu60 . 61 before it. yLW represents the component of surface

energy that is the consequence of all the electromagnetic interactions taken together,
whether due to oscillating temporary dipoles (yd;, permanent dipoles (yP) or induced
dipoles (yind).lt does not include hydrogen bonding (yH). Thus:

(2.8)
The total interracial tension between phases i and j can be expressed as:

(2.9)

The terms y+ and y- represent the (Lewis) acid and base parameters of surface free

energy respectively. When a negative interfacial free energy. Vij (which may be the result
of a large acid-base interaction) exists, this condition is conducive 10 strong adherence.
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2.2.4. The JKR and DMT Theories
The Derjaguin approximation (Equation 2.5) can be used to find the adhesion force for
two rigid macroscopic spheres in relation to their work of adhesion. However, in

practice. the spheres are never completely rigid, and upon contact they deform elastically
under both the influence of any applied load, and the attractive surface forces. This
produces a finite contact area even when no external force is applied. Johnson, KendaU
and Roberts62 developed the JKR theory from the basic sphere-on-flat-plane analysis by

Hertz. Their theory evaluates the radius (a) of the contact area ("neck") produced when
two spheres of radii RI and R2. work of adhesion

0NA ) or work of cohesion (WC),

and

elastic moduli K are pressed together under an applied force (F):

where

(2.11)

E is the Young's moduli,

v is the Poisson's ratio,

R = RIR2/(Rl+RZ), and the work of

adhesion being defined by the Dupr" equation:

W A =Yl+Y2-YU

(2.12)
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where Y1 and Y2 are the surface energies of the spheres, and YI2 is the interfacial energy
for systems where no chemisorption or interdiffusion occur63 . When the two surfaces in

contact are the same, the work of adhesion can be interchanged with the work of
cohesion WC ~ 2y. For the case of a sphere (radius ~ R) on a flat surface (R2 ~ 00), and
under zero applied load:

(2.13)

The force required to separate the above sphere from a flat sUIfaceis equal to:

Fad

= - 1.53tR.W A

(2.140)

33tR.y

(2.14b)

= -

where y is an empirical surface energy determined over the short (non-equilibrium)
contacttime64. Separation will occur when the contact radius decreases to:

as

=

0.63a o

(2.15)

The JKR theory assumes the attractive forces act over zero range65, This leads to the
prediction an infinite stress at the edge of the neck. The Derjaguin-Muller-Toporov66
(DMT) theory overcomes this unpbysical situation by assuming the forces act over a

finite range just outside contact. However, the DMT theory assumes Hertzian
deformation only (no neck at the interface), which may underestimate the actual contact

area. For the DMT theory:

(2.16)
and

(2.17)
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More rigorous calculations based on the JKR theory are available67 • 68, however are

extremely complex to solve. The DMT and JKR theories provide results which have been
tested experimentally and found to correlate well for molecularly smooth sutfaces 62 , 65,
69,70, Past studies show that the JKR model underestimates the work of adhesion but is
adequate at predicting the pull-off contact area. In contrast, the DMf model accurately
estimates the work of adhesion but predicts zero contact area at pull-ofc65. The DMT
theory is more accurate for spheres of smaller radii, low work of adhesion, and high
elastic moduli such as a diamond tip in a diamond surface. JKR provides good results
for large radii, high work of adhesion, and low moduli systems such as that used in the
surface foICe appamtus (SFA). For Atomic Force Microscopy. (AFM) often both theories
would be applicable. Burnham49 recommends the calculation of the neck height (h) to

detennine which theory is more applicable:

(2.18)

For neck heights in excess of a few tens of nanometres, the JKR theory should be used.

2.2.5. Capillary Condensation Forces
Adhesion between two surfaces in a vacuum has been shown to be often orders of
magnitude higher than where the two surfaces have been immersed into another fluid

such as dry air. However, where the two surfaces are exposed to an enVIronment where
liquids can condense from the vapour, the measured adhesion strength can be affected.

For liquids which will wet both surfaces, this will result in an increase in adhesion
strength due to the preferential condensation of the vapour into small cracks and pores or spaces between asperities. This effect is referred to as capillary condensation. Its main
importance is in the condensation of water vapour from humid air. This is partlcularly

important in the case of force measurement between AFM probes and sample surfaces
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where such forces may mask the true adhesion force. Figure 23 shows a schematic

representation of this situation.

Figure 2.3: CapiUary condensation between a sphere alld a nat sorfaee47•

The Kelvin equation relates the radius of curvature of the meniscus of an adsorbed liquid
layer to the relative vapour pressure of the liquid:

(2.19)
where r k is the Kelvin radius (equals the average of the radii of curvature of the

meniscus at diametrically opposed points); pis the observed vapour pressure; PItlt is the
saturated vapour pressure (for water, p/Psat is the relative humidity); V is the molar
volume (yVIRT;: 0.54 for water at 2O"C 17,47). R is the universal gas constant, T the

absolute temperature, and YI is the swface energy of the liquid. Note: r is positive for

drops, and negative for capi1laries - for liquid droplets, p is greater than P,al' for

capil1aries, p is less than PlOt. The Laplace equation for pressure can be used to find the
adhesion force for twp surfaces experiencing capillary condensation:

(2.20)
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The pressure acts over the cross sectional area of the meniscus (21cRd). so the capillary
force pulling a sphere into contact with a flat swface is:

(2.21)
As the meniscus becomes smaller, <1>-0, and oos8-1. Thus d-2rl - that is d
becomes the diameter of the circle or radius rl (Fig. 2.3a) , thus:

(2.22)

The attractive force between the sphere and Ihe surface from the liquid bridge is:

43tRy1Cos8
F = 1+ (DId)
43tRy1Cos8
= {1+ [D 1n(H)]/(I.D8x10-9Cosf)}

(2.23a)
(2.23b)

where H is the relative humidity. For the limiting case of the sphere in contact with the
surface (D=O), Equations 2.23a and 2.23b are the same as Equation 2.22. Thus Equation
2.22 represents the maximum force due to capillary forces. The relative humidity of

ambient air in typical laboratories is 30-50% which is sufficient to cause condensation of
water films on the sample. Burnham et aJ71 and Rudd7 have used the vapour from a

liquid nitrogen supply to eliminate the capillary condensation effects from force

microscopy measurements. The influence of adsorbed liquid films on force
measurements can be great. For water (Yl = 72 mJ/m2), a sphere of radius R = 100 nm, r
;;::: 1 nm, and d = 2 nm, the meniscus force is 90 ~9. This is significantly greater than
the maximum van der Waals force at contact of approximately 55 nN (as calculated from
Equation 2.6b) for materials of average surface energy (:::: 45 mJ/m2). Therefore it is
obvious that the presence of adsorbed water layers is an important consideration in force
measurements. Ideally a controlled environment or ultra-high vacuum (UHV) would be

maintained.
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2.3. SURFACE ENERGIES and ADHESION
2.3.1. Wetting
One of the single most important factors which influence the strength of an adhesive joint

is the ability of the adhesive to wet and spread spontaneously on the substrate surface,
facilitating the establishment of intimate molecular contact at the interface4 , 36, 42, 72,
Obviously this requires the adhesive (coating) to be in a liquid or semi-liquid form. This

results in the elimination of air pockets by allowing nearly complete penetration of the
adhesive between asperities on the adherend surface, maximising molecular contact
between the joint components as well as mechanical interlocking. It is important to note
however, that although an imperative, it is sometimes an insufficient requirement for the
creation of maximum adhesion strength.

Surface tension is a direct measure of intermolecular forces36 and occurs due to an
imbalance in forces acting upon the atoms which lie on the surface of a material. This
leads to an attraction of the surface atoms to the bulk of the material. This attractive force
is the reason why droplets of liquid tend to form spheres. A spherical configuration
minimises the surface free energy of the droplet by minimising sutface area.

2.3.2. Contact Angle Measurement
The degree to which a liquid wets a sutface can be measur~ quantitatively by the angle

(8) a drop of the liquid makes with the surface. This angle is known as the contact
angle.
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(a)

(b)

Figure 2.4: Examples of contact angles (q) for liquids which exhibit
(a) good, and (b) poor wetting of substrate material

The contact angle is a very useful analysis tool as it provides an indirect measure of the

sutface tension (or energy) of a surface. As the contact angle is reduced, increased
wetting of the surface by the liquid occurs. In adhesion science, the contact angle is used
to predict the strength of a bond - decreasing contact angle generally coinciding

with

improved bond strength as a result of improved wetting and hence increased counterface
interaction and the fonnation of an interphase zone43 . The contact angle is related to the
sunace energies of the substrate, liquid, and vapour by the Young equation73;

(2.24)

where the subscripts

BY

and Iv refer to the solid and liquid in equilibrium with the

saturated vapour. respectively. This equation requires that the contact angle (6) be
measured at thermodynamic equilibrium.

Using the method of Fox and Zisman74-n the "critical surface tension of wetting"
parameter (Yd can be evaluated. This empirically derived term permits an estimate of y"

the surface free energy of the solid. The cosine of the contact angle for a series of
homologous liquids such as n-alkanes on a substrate was generally found to fonn a
rectilinear relation (Figure 25) when plotted versus Yl ("Fox-Zisman" plots) according to:
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cosB = 1- b(y, - y.)

(2.25)

where b is a constant, and Ye corresponds to the highest surface tension of a liquid which
will just spread on the surface giving a zero contact angle (ie when cosS = 1). For all
liquids with i'1 below Yc. the contact angle is zero. It is based on the proposition that, as

"flv decreases toward 'Ysv, YsI will approach zero, and when

'{51

reaches zero, YIv will

equal Y.v (Equation 2.24).

Even when cos

e is plotted against Yl for a variety of non-homogeneous liquids, the

graphical points lie close to a straight line or tend to collect around it in a narrow
rectilinear band, though some deviations are observed for surfaces possessing very low

values ofyc(yc < 20 mJ/m2) for Yl values above 50 mJ/m 2 (Figure 2.5). In these cases,
weak hydrogen bonding occurs between molecules of the liquid and those in the substrate

surface. Thus curvature of the graph is most likely to occur with liquids of high surface

tel18ion because these are always hydrogen-donating liquids42. Although 'Ye is less

precisely defined when non-homologous series of liquids are used, it is a more useful
parameter because it is a characteristic of the solid only. Zisman42 has expressed the need

for caution when using such plots. Since the extrapolation is often quite large, especially
when liquids possessing swface tensions close to Ye are not used, considerable curvature
of the empirica1line may occur.
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Figure 2.5: Fox-ZismaR plot of various liquids on
Tenon, after Kaelble78,

Contact angle measurements can be used in conjunction with thermodynamic theories
(Equations 212 and 2.24) for evaluating the interfacial energy or work of adhesion60, 7477,79-84. The results of such tests can be juxtaposed with macroscopic adhesion tests,
andAFM forced.la using such methods as the DMf or JKR theories (section 2.24). By

such means the surface energies, work of adhesion, or work of cohesion can be
compared by different techniques. This provides a unique opportunity for comparison of
these different analysis methods, and also due to the vast quantities of thermodynamic
data, provides the AFM researcher with a valuable calibration database. Contact angle
measurements can also provide a quantitative indication of the presence of residual
organic contamination of AFM samples subsequent to final cleaning stages84, 85, Since
the contact angle will increase proportionally with increasing organic contamination, such
measurements

can be used to evaluate the effectiveness of the cleaning process,
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It is important to note that contact angle measurements as well as the pull-off and T -bend

adhesion tests are macroscopic tests, whereas AFM adhesion measurements are
performed on a molecular or atomic sca1e86. Difficulties may arise in comparing the
macroscopic properties of materials to the behaviour of a small assembly of atoms on a
surface87, Volmer88 has predicted the thennodynamic properties of atomic assemblies
smaller than ZOnm to be affected, which has been evinced for the melting point of gold

and silver89 and solid phase transitions of compounds90.

2.3.3. Work Of Adhesion
When two bodies of identical material are brought together in a manner which is
reversible, the change in the free energy per unit area is defined as:

(2.26)

where y is the surface free energy of the material, and WC is the work of cohesion - the
negative of the free energy change per unit area. Thus when two identical surfaces are in
contact, it requires twice the intrinsic smface free energy to separate them. For the case
where two different media are brought into intimate contact, an interface will be created
between the two phases which possesses an inherent energy. In this instance an
addillOnal tenn must be added to Equation (2.26) - the interfacial energy (Y12):

aGA=Y12 -Y,-h
=-W~

(2.27)

Equation 2.27 simplifies to become Equation 2.26 in the case where the surface energies

of the two suIfaces are identical.
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Combining Equation 2.27 with the Young equation (Equation 2.24) produces the YoungDupreequation91 ,92:

(2.28)

Thereby the work of adhesion of a liquid on a solid substrate is able to be directly
calculated through simple contact angle measurements if the surface energy of the liquid

('{Iv) used to make the measurement is known. However, this equation is of no use in
determining the work of adhesion of a solid on another solid as obviously no contact
angle can be measured for such systems. Good and Girifalco93 , 94 solved this problem
indirectly by hypothesising that the free energy of adhesion is equal to the geometric
mean of the free energies of cohesion of the separate phases. For cases where both
phases are apolar (no acid-base interactions):

AGt, =-wt. =~AGfAGf
=

-4ytWytW

(2.29)

Where acid-base interactIOns are present, the form of Equation 229 becomes:

(2.30)

Here the superscripts LW have been used to emphasise the fact that these terms do not

include acid-base mteractions. The superscripts + and - represent the (Lewis) acid and

(Lewis) base parameters of surface energy respectively. Equation 2.30 simplIfies to
Equation 229 in the case of purely apolar surfaces,
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3.

ADHESIVE/COHESIVE
PROPERTIES of
COATINGS
3.1. Adhesion of Coating
Coated steel is in essence an adhesive system (or systems) where the "adhesive" is the
liquid (or solid in certain instances) metallic and/or organic coating which is applied to the
solid steel substrate (adherend). To predict the performance of a coating under service
conditions it is necessary to quantify (1) the properties of coating-substrate bond
components which promote maximum strength; (2) the conditions under which
spontaneous delamination and zero strength of the bond occurs; (3) the ratio of actual
bond strength to the maximum achievable; and (4) the durability of the bond during its
service. Considering the bond as a thermodynamic system whose properties are
described in relevant thermodynamic parameters facilitates quantification of bond
properties 82 . Combined with contact angle analysis of the components of an adhesive
system, these tools provide a convenient and sufficiently reproducible means by which
the necessary experimental parameters of the system can be elucidated, and the prediction
of the performance of adhesive bonds is possible. By implementing such an approach,
the aim of this project was to determine factors which influence the adhesion of organic
layers, in particular the topcoat to metallic substrates of BHP COLORBOND.
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3.2. Effect of Coating Composition on Adhesion
Obviously there are many factors which influence the adhesion of a coating to the
substrate. The degree to which it wets the substrate and hence penetrates surface
irregularities as explained above is but one. Other, physicochemical factors are also of
vital importance in the adhesion (or lack of it) of a coating to a substrate. Viscosity of
both the matrix alone (binder) and of the composite coating (solvent, pigment, binder and
other extenders combined) is an important aspect. A coating which thermodynamically
quite adequately wet the surface of a substrate, may not do so unless it has a sufficiently
low viscosity during, and for some time after its application. Because the penetration of
surface irregularities such as cracks, scratches and pores requires a finite amount of time,
it is important that the viscosity is low enough for a sufficient amount of time for this to
occur. Therefore any crosslinking reactions should be as slow as feasible. Also, for
systems which rely on solvent evaporation to cure, evaporation of solvent should again
be as slow as possible to increase the time which the coating molecules are mobile. The
latter can be achieved through the use of longer chain aliphatic solvents, or the use of
branched or even aromatic solvents. This is not the case for systems which also
crosslink, where stresses can build up from solvent evaporation after crosslinking of the
polymer matrix. In such cases a rapidly evaporating solvent is advantageous.

Increasing the temperature during coating application will tend to reduce the viscosity of
the coating encouraging penetration, but the rates of solvent evaporation and crosslinking
will both be concomitantly increased. Therefore an intermediate temperature will exist at
which the viscosity is acceptably reduced and remains so for a maximum amount of time.
This has been shown to be true, where higher adhesion strengths occur for coatings
baked at elevated temperatures in comparison to those cured at room temperature95 .

The thickness of the coating also influences the adhesion of the coating96 . During curing
as solvent evaporates, the matrix contracts to compensate for the accompanying volume
decrease. Thicker coatings tend to trap solvent until after curing, and the resulting
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decrease in volume cannot be compensated for since the matrix is now essentially
immobile. This leads to a build up of stress within the coating which reduces the
adhesion to the substrate. The amount of solvent used in the coating will also have a
similar effect - increasing the percentage of solvent will increase the time required for it to
evaporate.

Volume fractions of pigments incorporated into the paint will affect both coating strength
and coating adhesion. Large aggregates of pigment will prevent proper wetting and may
occlude the binder from reaching the substrate. Shape of the pigment particles31 , 97 and
their size dispersion can also influence coating adhesion and durability.

Finally, brittle coatings will tend to crack under vibration, or from substrate expansion
from thermal cycling or forming operations. The use of more flexible coatings in such
applications is beneficial, particularly where the substrate material is subjected to
deleterious environments. The use of plasticisers, or use of a binder material of reduced
T g may be prudent.

3.3. Coating Composition versus Mechanical Properties
Essentially a paint film consists of one or more pigments or extenders dispersed in a
polymeric binder. Other agents such as solvents, curing additives, anti-weathering or
corrosion inhibitors to name but a few possibilities may also be added, However, for
simplicity, a paint can be thought of simply as a mixture of pigments/extenders, binder
and often a solvenr3 1.

The binder comprises the majority of any coating, and hence this component of the
coating plays the most significant role in determining the physical attributes is the coating,
Several factors influence the performance of a binder. Firstly the glass transition
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temperature OTg) and the ductile transition temperature (Tb)98 will stipulate as to what
characteristics the coating will evince under service conditions. Below Tb, a polymer will
exhibit brittle properties, between Tb and Tg the polymer will be hard yet ductile, above
Tg the polymer will become increasingly soft and more pliable. Both Tg and Tb are
dependent upon the rate of application of stress to the polymer; the higher the rate of
stress, the higher the T g and Tb values. Poly methyl methacrylate (PMMA) has a T g of
105°C, whereas polypropylene (PP) has a Tg of only _20°C 98. At ambient temperatures,
PMMA would behave in a glass-like fashion, breaking or chipping if deformed
significantly, or if impact loaded. PP would deform much more readily and absorb
significantly more energy prior to failure. Similarly, the crosslink density (XLD) plays an
important role in the way a binder behaves. As the XLD increases, the modulus will
increase proportionally, resulting in a stiffer binder.

Pigmentation is the other main factor influencing the mechanical properties of a coating.
The physical properties of the pigment will influence the combined properties of the
coating - a higher modulus, toughness, hardness, or strength will increase these
properties of the coating (assuming sound adhesion between the matrix and the pigment
particles). The degree to which the pigment is wet by and/or adheres to the binder is of
vital importance. Where wetting or adhesion is low, voids may form around the pigment
particle such that the pigment particle acts as a stress concentration, weakening the
coating. The volume percent of pigment in the dry coating is termed the pigment
volume concentration, PVC. When adhesion between the pigment and the binder is
good, the strength of a coating generally increases with increasing PVC to a maximum
value (the "critical tt PVC or the CPVC), whereupon it declines with further increases in
PVC. Below the CPVC, the pigment particles act as reinforcing filler particles. Above the
CPVC voids begin to form between the pigment particles due to lack of binder. Density
too increases up tQ the CPVC then begins to decline, because the density of pigment
particles is almost always greater than that of the binder.
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Plotting PVC versus measured adhesion of a coating often indicates a peak in "adhesion"
at the CPVC. This is usually due to changes in the mode of coating failure. At low PVCs,
and at high PVC's coating failure is typically cohesive, adhesive failure only occurring at
PVCs closer to the CPVC.

Gloss of the coating is also affected by the PVc. At low PVC's no appreciable change is
observed. Above a certain PVC the gloss drops markedly with increasing PVC until the
CPVC is reached whereupon it remains essentially constant98 .

Finally the amount of solvent in a paint coating can affect the properties of the dried
coating. High percentages of solvent, or the incorporation of highly volatile solvents in
the wet (in-can) state can lead to large residual stresses being trapped within the coating
after solvent evaporation, especially if a crosslinking reaction occurs at the same time.
Fast curing, rapid crosslinking, or low curing temperatures all limit the ability of the
polymer molecules to reorient as the solvent evaporates. Where the polymers chains
become essentially frozen prior to complete solvent evaporation, the coating will contain
voids, decreasing the protectiveness of the coating with respect to the substrate.

3.4. Degradation of Paint Coating Adhesion
Degradation is defined as the deterioration of an object such that it becomes unsuitable for
its original intended purpose99 . It is necessary to establish a definable limit in terms of
degradation for the evaluation of a system's state of degradation and possible life
prediction. For instance a paint layer may pass inspection until its adhesion to the
substrate falls below a predetermined minimum stress level, or length of undercutting is
reached, or gloss reduced to a predescribed level.
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One of the most important properties of a paint coating is its durability. Durability is
described in BS 2015 (Glossary of Paint Terms) as "the degree to which paints and
painting materials withstand the destructive effect of the conditions to which they are
subjected". The environmental degradation resistance of organic coatings is typically
evaluated in terms of changes in physical propertIes or appearance. For instance,
corrosion protection is assessed in terms of paint blistering, loss of paint adhesion, and
pitting or perforation of the substrate. Bond durability tests are expensive to perform
without some acceleration. However, not enough is known regarding the mechanisms of
failure for accelerated testing to always provide a reliable guide to in-service
performance 100. The basis for acceptance of the accelerated test method is the similarity
of failures in type and overall appearance to failures experienced in "typical" service
conditions. Identifying the chemical origins of physical change during degradation, 100
provides a complementary approach and potentially an alternative to accelerated
performance testing for the evaluation of protective coating systems 101 .

Water at the organic coating/substrate interface is frequently the main cause of adhesion
degradation of organic coating systems. The most visible effects are blistering when
organic-coated substrates are exposed to high relative humidities or immersed in aqueous
solutions. Water and aqueous solutions of corrosion products may also weaken or break
the coating/substrate (oxide) bonds causing delamination of a coating from a substrate 102.
The composition of the organic coating layer has been found to be a rate controlling factor
in the degradation process, but is not the only important factor 101 . Thickness of the
organic layer is also known to influence the rate of degradation of the interfacial bonds.
Where water must diffuse through the organic layer to the interface (ie cannot undercut
the layer through edges or score lines), the time required to reach the interface will
increase according to the square of the thickness, hence a doubling of the coating layer
could delay the reaching of the prescribed failure point fourfold.
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Dickie101 has found that at least for coatings on steel substrates, a specific set of
corrosion processes - primarily underfilm cathodic reactions leading to a highly alkaline
interfacial environment occur, providing the initial mechanism by which corrosioninduced failure occurs. Corrosion has been demonstrated to usually only occur after the
bond energy has been reduced to values close to or equal to zero. It has been shown that
corrosion is not a primary cause of bond failure since electrochemical environments such
as sacrificial anodes can accelerate bond failure, but retard corrosion 1OO . Failure surfaces
obtained from specimens exposed to corrosive environment without mechanical loading
display a simple interfacial anodic process. When a load is applied, the corrosion
processes of otherwise stable systems are accelerated to bond failure in much reduced
time frames. This has been explained by Haack et. al 103 who found both anodic and
cathodic areas were present on interfacial surfaces of electrogalvanised steel lap shear
specimens exposed to both a corrosive environment and a static load. They suggested that
stress-induced bond failure changes the interfacial chemistry.
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4.

MACROSCOPIC
ADHESION TESTING
4.1. Methods for Adhesion Assessment
Tests for evaluating adhesion strength can be classified as being either mechanical,
nucleation, or miscellaneous methods 104. Nucleation methods probe adhesion at an
atomisitc level. These techniques quantify adhesion by the breaking of individual coatingsubstrate atomic bonds. Mechanical and miscellaneous tests are more commonly used to
assess adhesion, and rely simply on a summation of the individual atomic forces over the
test area. Of these test methods, there are two distinct types of adhesion test: those that
measure experimental adhesion (quantitative), and quality assurance tests whereby
coatings are ranked against a standard to determine whether the coated component is fit
for the specified use43 (qualitative). Table 4.1 lists some of the more commonly used test
methods.

Table 4.1: Some common methods used to determine
adhesion strength43
Quantitative

Qualitative
Nucleation Methods

Surface Force Apparatus
Atomic Force Microscopy

Mechanical Methods
Scotch tape test
T-bend test
Scratch test

Pull-off method
Indentation
Lap-shear

Non-Mechanical Methods
Thermal method
X -ray diffraction
Solvent rub
Pressure cooker
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The experimental adhesion (EA) which is often referred to as the bond or adhesion
strength, usually varies significantly from the fundamental adhesion (FA) which is the
maximum adhesion possible for a coating-substrate system irrespective of test type or
conditions. The experimental adhesion is related to the fundamental adhesion by43:

EA

= f(FA,

other factors)

( 4.1)

EA is always and often considerably less than FA as a result of factors such as internal
stresses in the coating, testing configuration, and ambient conditions. To date there is no
ideal test for adhesion strength, and many of the better ones are destructive. Two
commonly used examples of such destructive tests are given below. Advantages and
disadvantages of each are briefly mentioned.

4.2. Pull-Off (Stod) Test
The pull-off test is useful for determining the adhesion of a coating to a substrate by
determining the maximum perpendicular tensile force that an area of the coating surface
can sustain before it fails and a percentage of the bonded region is detached. This test
geometry attempts to maximise tensile forces as opposed to shear forces, so direct
comparison with results obtained from tests such as lap shear or peel tests may not be
possible.

Pull-off tests are performed by bonding a test fixture (stud) with the tensile axis
perpendicular to the surface of the coating (Figure 4.1) with an adhesive. The adhesive is
chosen such that pick-off of the coating can be achieved after a designated maximum cure
time, or it may be limited by maximum cure temperature. Ideally, a room temperature
curing adhesive with a short cure time would be chosen which has a high percentage
pick-off. It may require experimentation with several adhesives before a suitable
candidate is determined.
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Aluminium Stud

Neck

Coated sample
test square

Figure 4.1: Stud test specimen ready for testing.
Once the sample is assembled and the adhesive has cured sufficiently, the specimen is
placed into the testing apparatus. This applies a tensile force between the test stud and the
coating. Load is increased at a designated rate until either the test square separates from
the stud, or a specified load is reached. The nature of the failure is reported in terms of
the relative percentages of adhesive and cohesive failure, and the interfaces involved. The
pull-off strength is determined either on the maximum recorded load, or as a stress
calculated for the bonded area.

4.3. T-Bend Test
A common test used to evaluate qualitatively the flexibility of a coating is the T -bend test.
Coatings are subjected to stresses when fabricated into products by processes such as
drawing, roll-forming and other processes which require deformation of the substrate and
coating. The stresses generated can exceed the adhesive strength of the coating resulting
in failure of the coating by either fracture which exposes either the primer or substrate, or
delamination of the coating from the substrate. The T -bend test provides a means of
evaluating the propensity of a coating to fail under stresses imposed during a fabrication
process (eg. roll forming).
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T-bend tests are conducted by either bending a strip of coated substrate repeatedly around
itself, or around mandrels of progressively larger diameter (3 to 37 mm 105) such that the
coating is on the outside of the bend. A vise or equivalent device is used to bend the apex
of the bend as flat as possible. The T -bend rating is the minimum number of thicknesses
of metal around which the coated steel is bent to achieve no fracture (cracking) or removal
of the coating (pick-off). The first bend (where the end is first turned 180 degrees to its
original direction) is referred to as a zero-T bend. The second bend is known as a 1-T
bend the third a 2-T bend and so on (Figure 4.2).

••

..-----'---) r--'~ -.~L----)]
Zero-T

One-T

Figure 4.2: T-Bend test 105•

After each bend is performed a low-power magnifying device of 5-1Ox is used to inspect
the bend radius for signs of cracking. Pressure-sensitive tape such as Scotch-brand #610
as described in ASTM D4145-83 106 is applied with even pressure along the bend then
removed rapidly at an angle of 180 degrees to the bend surface. The tape is examined for
any adhering coating ("pick-off'). The locus of failure can be ascertained by this method.
The T -bend or equivalent diameter at which bending occurs with no cracking is noted.
Similarly the T -bend at which no pick-off occurs is also noted. For ZINCALUME
substrates, no pick-off should occur after 3T, and cracking should not be evident after
7f34. Since the test is sensitive to temperature, it too must be noted. The direction of the

bend - whether across or parallel to the rolling direction of the steel is also noted.
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5.
SCANNING PROBE
MICROSCOPY
S.I. SCANNING PROBE MICROSCOPY
Scanning Probe Microscopy (SPM) is a general term. encompassing several different
microscopes which are capable of near-atomic resolution87. The SPM is an instrument
which possesses a multitude of capabilities. It is an imaging tool with a vast dynamic
range, spanning the realms of optical and electron microscopes, yet providing truly three
dimensional images. In addition to its microscopical applications, the SPM is also a
profilometer of unprecedented resolution, and more importantly to the science of
adhesion, it is able to measure the forces (attractive and repulsive) between atoms and
molecules by the judicious use of tips and substrates, on an even smaller scale than the
Surface Force Apparatus (SFA) of Israelachvili 107. Many other uses are often found,
including electrochemical analysis, and the measurement of electrical, mechanical,
dielectric, friction and magnetic properties.
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5.2. TheAFM
"In comparison 'lIJitli tlie more mature eCe.ctron-optica1microscopies, 'best practice' fi.as
yet to 6e esta6(islierl fOT JlI..!{M at tlie .present stage of tlie Ce.arning curoe. In-Iiouse
protoco(s liave certainly evo(vea ana are 6eing fo(wwea 6y esta6(isliea (a6oratoriesj
many of tlie new-comers in tlie foUl, ana some of tliose wlio ~ peripliera! use of
JlI..!{M are sti£(foufing tfieirfoet, Iiowever. Consequent(y tliere is varia6ility in tlie e7(tent

to wliicli pu6(isliea resufts can 6e tracerl6ac{to souna11U!.tliotfs anaproceaures108 •

"

An AFM can be thought of as an nanoscopic record player. The record (sample) is moved
beneath the stylus (integrated cantilever and tip), and the signal is amplified and
processed. Whereas the record is spun, in imaging mode the AFM sample is rastered in
the x-y plane, held at a constant height or force (the z parameter). In certain operating
modes, the sample is also moved in the z-plane, and in Force-Calibration mode, it is only
moved in the z-plane. Like the record player analogy, an AFM amplifies the signal from
the cantilever. The signal is typically the voltage output from a split-segment photodiode
which detects the position of a laser beam focused so as to impinge upon the apex of the
top surface of the cantilever. As the cantilever experiences a force, it is deflected vertically
and often also torsionally. This results in a variation in the voltage output for each of the
four elements of the photodiode which is converted to relative cantilever position by the
computer controller unit. The main components of a modern AFM are shown
schematically in Figure 5.1.
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Figure S.l: Schematics of a typicaJ modem AFM109,
Binnig, Quate and Gerber llO developed the Atomic Force :Microscope (AFM) in 1985
from observations of frictional and vertical hysteresis made while using a Scanning
Tunneling Microscope (STM)87 under zero bias conditions. It was discovered that a
flexible cantilever with a very low spring constant could be produced which induced
forces smaller than inter-atomic forces, enabling the nano-topography of a sample to be
measured without displacing the atoms. It was realised immediately that the AfM was a
tool with a resolution enabling the measurement of not only intermolecular but interatomic
forces.

5.3. Force Measurement with the AFM
The AFM can be used to quantitatively measure the forces imposed upon the tip by the
sample. The total force experienced by an AFM tip is the corollary of forces including
van der Waals, hydrogen bonding, capilhuy. and electrostaticll . The extent to which
each of these forces influences the tip is dependent upon the chemical and topographical

state of the two interacting surfaces. the environmental conditions and the radii of
curvature of both the tip and the sample.

47
To measure the forces imposed between the sample and the AFM tip, a triangular-wave
voltage is applied to the z-axis of the piezo scanner. This causes the piezo to expand and
contract, driving the sample towards and away from the tip. Any deflection of the
cantilever resulting from forces between the sample and cantilever is recorded by one of
several means of detecting cantilever motion49, 111-117, and plotted as a function of piezo
extension at 128,256 or 512 (as defined by the user) intervals during the extension and
retraction cycle of the piezo. The resulting plot of force versus distance is commonly
referred to as a "force curve" .

The frequency (and hence speed) of the piezo cycle can be controlled by the user,
permitting the investigation of rate-controlled adhesion and viscoelastic properties of the
substrate. The initial tip-saQlple distance, and overall distance traveled by the sample
I

during the test cycle can also be defined by the user. This allows for the control and
variation in contact force during the test cycle.

A schematic force curve, representative of actual curves displayed on the AFM computer
monitor is shown in Figure 5.2a. Figure 5.2b shows the concomitant tip-sample
interaction at the important points marked on the force curve.
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Figure 5.2: (a) Simplified AFM force curve (b) tip-sample
interaction at points marked on force curve in (8)109
At point (A), the tip-sample distance is large, and the tip experiences zero (or negligible)

force. This point is arbitrarily chosen as the point of zero force. As the distance is
decreased, long-range electrostatic forces may act upon the tip. These can be either
repulsive or attractive. deflecting the cantilever away from. or towards the sample surface
respectively. For clarity, no such effect is included in Figure 5.2b, such that the force
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curve remains linear in this region. Upon further reduction in distance, the cantilever may
encounter capillary forces (attractive) caused by an adsorbed water layer or high humidity
or both, which will produce a downward deflection of the cantilever toward the sample
surface. Again, this is not'present in Figure S.2b for reasons of simplicity.

As the separation is reduced to the order of a few tens of nanometres, van der Waals
forces begin to increase rapidly. The cantilever may start to deflect slightly at this stage, at
a point called the "onset distance" and continue to do so as the piezo extends. At a certain
tip-sample separation (B) an instability often occurs when the attractive force gradient
imposed upon the tip overcomes the inherent restoring spring constant of the cantilever.
The tip will suddenly snap into contact with the sample surface. This point is referred to
as the "jump-ta-contact" point and is dependent upon the spring constant of the
cantilever, and the resolved sign and magnitude of attmctive and repulsive forces such as
van der Waals, capillary, electrostatic and hydrogen bonding.

Once the cantilever has contacted the surface, any motion of the piezo translates directly
to an equivalent motion of the cantilever, assuming no deformation of the substrate

occurs. As the piezo is further extended beyond point B, the cantilever straightens then is
bent in the opposite direction as the piezo extends past the initial cantilever starting
position. This linear region, called the "region of constant compliance ll is useful in
elucidating information about the mechanical properties of the sample surface, as
curvature of the graph in this region indicates deformation of the tip and/or substrate.
Recent work by Biggs 118 has exploited this detail to investigate the viscoelastic
deformation of polystyrene colloids on silicon substrates. If the slope of this region and
the spring constant of the cantilever are known, the applied load during the force curve
can be controlled.

After the desired load is applied (or the piezo reaches its maximum extension) the piezo
begins to contract, lowering the sample. As the piezo retracts past the initial zero
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deflection point of the cantilever, attractive forces can hold the tip in contact with the
sample. This continues CD) until the restoring force applied by the cantilever becomes
equivalent to the adhesive force between the tip and sample. At this point - the "break free
point" (E) the cantilever suddenly snaps back to its initial position. The adhesive force
can be calculated from the magnitude of the break free point by multiplying its value on
the ordinate (tip deflection in nanometres) by the cantilever spring constant in accordance
with Hooke's Law. This is explained in the following section.

Because the loading and unloading curves are not coincident at points B and E, the force
curve of figure 5.2a is said to possess force hysteresis. Force hysteresis may be the result
of van der Waals forces only, but are frequently masked by capillary forces generated
from environmental contaminants forming a meniscus across the tip-surface gap.

S.3.1. Calculation of Adhesion Using the AFM via Hookes Law
The AFM cantilever moves such that it maintains zero force between it and the sample.
The sample force gradient (the second derivative of the sample's potential U), can modify
the vibrational properties of the cantilever by changing the total force gradient. The total
force gradient is the sum of the sample force gradient and the cantilever (essentially a
spring) force gradient - again the second derivative of the spring potential49. For a spring:

U =O.5kz2

(5.1)

thus the spring force is given by Hooke's Law:

F=-kz

(5.2)

and the spring forCe gradient is simply the spring constant k. At the point at which the
cantilever breaks free of the sample surface (point E in Figure 5.2b), the spring force is
equivalent to the adhesive force between the tip and sample.
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5.4. AFM Cantilevel"s
The tip is probably the most critical component of an AFM. It defines the resolution in
both the latera1 119 and vertica1 lO axes, and it can also be modified in various ways in
order to alter the adhesionll , abhesion8, friction ll , 120, magnetic121 and electric
properties and other tip-sample interactions l4. Binnig, Quate and Gerber110 realised that
the spring (cantilever) required for their so-named AFM needed to possess as small a
spring constant as possible to provide the maximum deflection for a given force (or force
field); yet simultaneously possess a resonant frequency which is high enough to minimise
its sensitivity to ambient vibrations which are typically around 100Hz. Given that the
resonant frequency of a spring system is given by:

(5.3)

where k is the spring constant and mo is the effective mass that loads the spring, then in
order to satisfy the above criteria, both k and

mo

should be made as small as feasible.

Microfabrication techniques have since been used to develop integrated AFM cantilevers
(Figure 5.3) from silicon nitride and silicon single wafers with spring constants as low as
0.01 and 20 N/m respectively, and resonant frequencies for silicon cantilevers as high as
400KHz 122-124. Other materials have been used for manufacturing AFM cantilevers7,
but the most commonly used are comprised of silicon or silicon nitride. These can be
further modified through the use of surface coatings 9 , 125, or by bonding other materials
onto the cantilever or tip such as diamond chips, or colloids of polystyrene16, 126-128,
polyethylene terephthalate129, gold119, tungsten 130-132, latex 125, or tin133 to form
"colloid probes ll •
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Figure 5.3: Silicon beam AFM cantilever. Silicon cantilevers possess a
higher resonant frequency and spring constant than sllleon nitride
cantilevers and are useful for measuring large tip-sample adhesive forces.

5.5. Calculating AFM Cantilever Spring Constants
AFM cantilevers are machined from wafers of their respective constituent material. The
Young's modulus (and hence spring constant), resonant frequency, and other properties
may vary significantly from wafer to wafer as has found to be the case experimentally by
Cleveland 13 l, 132. Cleveland and others have also found variations in these properties
between cantilevers machined from the same wafer, so care must be taken when using

values of spring constants quoted by the manufacturer for each wafer. Accurate
calculation of the spring constant is necessary when making force-distance curves with
the AFM where quantitative data is required. Several techniques have been developed,
such as acoustic134. thennal motion 135, geometric136, resonance, or calibrated deflection
methods. The resonant frequency method for obtaining the spring constant of an AFM
cantilever, as described by Cleveland 131 • 132 is one of the most accurate means for
deriving this information. Spheres of known mass in the form of tungsten colloids are
suspended (using electrostatic and/or capillary attraction) from the end of the cantilever
and the resonant frequency of the loaded cantilever measured. This procedure is repeated
for various masses. When the cantilever is modulated as a function of frequency,
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resonance will occur at the frequency with the highest cantilever amplitude. The
frequency and amplitude can be monitored using the AFM photodetection system. The
resonant frequency is related to the added mass by:

M

= k(21tV)-l - m*

(5.4)

where M is the mass of the tungsten sphere, 1'is the resonant frequency, k is the spring
constant, and m * is the effective mass of the cantilever, which is given by:

m*-O. 24m b

(5.5)

where mb is the mass of the beam, and is equal to the product of the density, width,
thickness, and length of the cantilever (pwtl). By plotting the resonant frequencies for
several tip-sphere combinations, a linear plot can be made of added mass versus

(21tV) -2. The slope of this graph is equivalent to the spring constant of the cantilever
(k), and the y intercept is the effective mass (m *) of the cantilever.

5.6. Colloid Probes
Commercially available AFM probes are chemically machined using well-known
microlithographytechniques 137• These methods produce probes with tips of unknown
radii. The applied stress and area of interaction during imaging and force measurement
are dependent upon the contact area, and hence the tip radii. Because of the long-range
interactions, not only the geometry of the tip at its very end, but its shape in the 10 nm
scale becomes relevant138 . For general imaging work it is not necessary to know the
exact geometry and radii of the tip; all that is required is for the tip to be sharp enough to
pass between an acceptable number of adjacent asperities without being supported by the
sides of-the tip, such that the tip maintains contact with the surface at all times. However,
quantitative analysis of force curves necessitates accurate characterisation of the tip
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geometry. Complex integration is required for analysis of force curves produced using
irregular shaped tips. Only when force measurements are conducted between a pair of
crossed cylinders (as in the SFA), two spheres, or a sphere and a plate, can the
simplifying DeIjaguin approximation (section 2.2.2) be used to analyse the interaction.
For this reason it has become commonplace to adhere particles of known geometry, in
particular spherical colloids of gold 119, silica glass 139, 140, polystyrene l27, tun gsten7 ,
131. 132 and even photocopying toner particles 141 to the existing tip or to cantilevers

possessing no machined tip. Force curves can then be analysed theoretically, and the
resultant forces can be scaled by the radius of contact area (usually the radius of the
colloid where it can be shown that appreciable colloid deformation does not occur) 56, 65,
139, 140, 142. 143

Figure 5.4 shows a colloid probe, using a silica glass sphere of approximately 14 JIDl in
diameter.

Figure S.4: SEM image of a 14Jlm colloid probe. Colloid is silica glass.
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5.7. Tip and Sample Functionalisation
As supplied, AFM probes commonly come in two forms - monocrystalline silicon, and
silicon nitride. When used on a variety of substrates, each intrinsically of unique
chemistry, a wide array of tip-sample combinations becomes available to the researcher.
However, in many cases a specific tip chemistry is desirable which cannot be satisfied by
these combinations alone, requiring either the use of tips fabricated from another material,
or more simply, coated with a material which will provide the desired chemistry.

There are numerous examples in the literature where cantilever materials and substrates
have been coated with gold 144 and other metals145, 146 in order to extend the available
range of surface chemistries. Electron beam deposition, sputter, plasma, laser, and
evaporative coating techniques have all been used extensively in the literature for the
metallic coating of tips with apparent success. Another approach is to use organic
molecules to functionalise tip and sample surfaces. SHanes bond readily to the surface of
mica147-151, silicon and silicon nitride cantilevers ll • 143. and thiol monolayers can be
formed on surfaces coated in a thin gold layer143, 152 which has been deposited over a
chromium or titanium adhesion sub-layer.

Organic layers can be deposited on tips in many ways. The Langmuir-Blodgett (L-B)
technique 153-162, provides a method of obtaining ordered mono- and multilayers of
known thickness and orientation, which are free from defects such as holes and
irregularities. In practice, this technique is difficult on such a small scale as is required for
coating AFM tips, so self-assembled monolayer (SAM) deposition via adsorption 163 is
preferable, and can provide similar results to L-B deposited layers. Netzer et al l64, 165
describe a simple method for the coating of surfaces with various silanes, the resulting
monolayers being equivalent in quality to those produced by the L-B method. Their
results suggest that bifunctional silane surfactants with chain lengths greater than 16 have
sufficient van der Waals forces along their length to provide high quality monolayers with
high molecular packing densities and perfect orientation. In particular,
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octadecyltrichlorosilane (OTS), a methyl-terminated alkyItrichIorosilane with 18 carbon
atoms in its backbone (CI8), was found to provide monolayers approaching perfection,
even up to five monolayers thick, and suggestion was made for the use of molecules up
to C2()' An upper limit on the chain length of candidate molecules exists, for if it is too
long the molecule tends to buckle, producing film defects l54. Analogous enhancements
of monolayer ordering have been reported for alkanethiols on gold where a high degree
of molecular orientation is only observed for chain lengths over 16 C atoms l66.

Sagiv l64• 165. 167-169, Finklea170, Pomerantz171 and others have extensively studied
OTS and using ellipsometry, XPS, IR-spectroscopy and other techniques, found it forms
only monolayers 2.6-3 ± 0.3 nm thickI70-172 (using a refractive index of 1.45 for the
monolayer) on oxidised aluminium, silicon, and glass substrates. Because this thickness
coincides with the length of the OTS molecule, it can be assumed that the ordering and
hence density (completeness) of the monolayer is extremely high. This conclusion is also
supported by the lack of Cl peaks in XPS analysis of OTS monolayers 173. Adsorption of
OTS from a non polar liquid 167 , 168 provides a superior method for monolayer
production than L-B methods because of the affinity of the trichlorosilyl head with
hydroxyl groups. This precludes the use of water as a subphase in L-B deposition which
complicates this technique. As solutions of OTS age, siloxane polymers are formed,
limiting the usable life of OTS solutions. Finklea found that 0.1 M hexadecane solutions
lasted only one hour before a white siloxane film appeared in the solution. Formation of
the OTS monolayer on a substrate is extremely rapid such that it initially prevents the
formation of a random three-dimensional siloxane polymer network on the surface even
though polymer formation occurs elsewhere within the solution. After extended periods
of time a siloxane polymer film will begin to appear on the surface. Bierbaum l73 and
others 174 use a post-silanisation rinse in chloroform to remove this layer. Where this was
not sufficient to remove the polymer film from the surface, a soft cloth dipped in solvent
was used to wipe the surface till the film was removed.
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Due to the high density and perfect orientation of its monolayers, OTS is able to bridge
over irregularities on the surface to form good monolayers even on molecularly rough
surfaces. This bridging trait of OTS has been reported for monolayers on silicon
surfaces 170. 171. An extensively polymerised network of OTS linked to Si-O-Si-O
chains, possessing significant lateral strength was suggested as an explanation for such
behaviour. Alley11 has suggested the use of a nitrogen environment bake at 120°C to
promote chemical adsorption of the OTS molecules on the silicon tip, further enhancing
the strength of the OTS monolayer. The formation of a close-packed OTS monolayer
with large contact angle and approximately perpendicular chain axis in conjunction with a
low surface energy, should reduce both capillary and van der Waals forces 171 • 175, both
of which will improve AFM images 11 .

Smooth surfaces which expose perfectly packed -CH3 tenninating molecules are the most
non-wetting of all hydrocarbon surfaces, and produce contact angles of 44-46 degrees for
n-hexadecane75. 176, and 107-115 degrees for water75 • 177, 178. Fox and Zisman75 also
suggested that surfaces with highly oriented methyl terminating groups but having
slightly lower packing densities should be somewhat more wettable. It has been shown
that lower contact angles for hexadecane, or large variances between advancing and
receding contact angles (hysteresis) are indicative of incomplete surface coverage and or
imperfections in the orientation of the hydrocarbon chains 165, 177. OTS layers evince no
hysteresis, and both receding and advancing contact angles for n-hexadecane and water
reported by Netzer et al 165 are 45 and 110 degrees respectively.

Typically, silanes are deposited using a milli-molar solution of silane dissolved in a
suitable solvent125• 143. 171, 175 such as carbon tetrachloride 11 , cyclohexane136,
water179-181, or hexadecanell . This tends to produce a layer of silane which is of
uncertain coverage, orientation, density, and thickness, and generally has a weakly
bonded surface layer of silane 182 which is easily displaced and may adsorb onto the AFM
tip if it is not carefully rinsed from the surface following silanation. Biggs l83 and
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Hertzberg l84 have suggested the deposition of silanes under vacuum obviating the
requirement for a solvent may provide a more effective approach. A small quantity of
. undiluted silane is placed in a petri dish near the precleaned sample to be coated in a
vacuum vessel such as a desiccator unit, and the chamber pressure reduced. The silane
should vapourise at low pressure, creating a silane-rich environment within the chamber.
As the silane condenses upon the substrate (and chamber walls) silanation will occur.
Because there is no solvent to evaporate from the surface, the production of voids and
packing defects should be reduced, and contamination by solvent impurities can be
avoided. Care should be exercised to ensure that deposition of vacuum system oil does
not occur due to vapour flow-back at low pressure. A cold-trap and or a hydrocarbon
scrubbing compound such as 7-Angstrom molecular sieve l85, activated charcoal, or
activatedalumina l86 should be included between the vacuum pump and the vacuum
silanation vessel to prevent such contamination.

s.s. Humidity Effects
Capillary forces can attract the AFM tip towards the surface with forces in the order of
10-8 N 15, 187. This is sufficient to cause plastic deformation of samples, due to the high
stresses imparted upon the sample by the sharp tip.

In terms of force measurements, capillary forces can complicate and mask other forces
being investigated, in particular van der Waals forces which are of shorter range than
capillary forces. Torii 17, 188 has reported that the adhesive force under conditions whe~e
capillary condensation can occur is independent of the substrate material, and is related
only to the surface energy of the condensed vapour (Equation 2.6b).

Weisenhom and Hansma189 have shown that the adhesion between silicon nitride AFM
cantilevers and mica surfaces could be reduced from approximately 100 nN in ambient air

to approximately InN simply by immersing the test area in water and hence eliminating
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capillary forces. This effect is shown in Figure 55 where force curves for the same tip
and sample are shown for measurements taken in air and in water.

Figure 5.5: Force curves for Si3N4 cantilever OD cleaved mica
measured in (a) air and (b) water

By mixing both saturated (wet) and dry nitrogen gas to produce known relative
humidities, Thundat8 has demonstrated the tip-sample adhesion to be a sigmoidal
function of ambient relative humidity (Figure 5.6). Above and below certain humidities,
the force becomes approximately constant. At high humidities, a continuous adsorbed

water layer fonns on the surfaces of the tip and substrate. and no further increase in
humidity leads to an increase in amount of water interacting with the AFM tip. Below a

threshold humidity, a continuous adsorbed layer cannot form, and the partial pressure of
the water vapour is low enough to prevent the condensation of water around the tip,
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stopping the formation of a capillary. Figure 5.6 shows Thundat's results for both soiled
and UV/ozone cleaned silicon nitride tips on freshly cleaved mica surfaces.
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Figure S.6: Relative humidity versus adhesive force
for contaminated and cleaned tips [after Thundat.'l].

It is evident from figures 5.5 and 5.6 that both clean1iness and relative humidity can
significantly alter the measured adhesion. Where surl'aces contaminated with hydrophobic

substances such as hydrocarbons interact across a water bridge, a hydrophobic
interaction1,47, 136 in the form of a large attractive force which is larger than continuum
theories of van der Waals forces predict, can occur. In fact such an attraction is the
opposite of what would be expected from this theory. Evidence of such attraction exists

in the difference between the two curves of Figure 5.6. The origin of this attraction is as

yet unknown, and suggestions have been made such as the rearrangement of hydrogen
bonds in the water in the overlapping solvation zones between the two contaminated
surfaces l 90-192; capillary force due to cavitation in the vicinity of hydrophobic
surfaces l93 , 194; and the correlation of dipoles associated with molecular domains 195 ,
196, Done of which account for experimental observations. Surface tensions for certain

hydrocarbons can show an increase from 15-30 rnJ/m2 in saturated vapour, to 40-50
mJ/m2 in water47• Therefore it is evident that not only is it imperative that the surface be
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clean of organic contaminants, it is also important to maintain the test area at low
humidities to prevent the formation of capillary bridges between the tip and sample.

Alley and coworkers ll studied the role of surface chemical state of silicon surfaces on the
image resolution. They functionalised (hydrophilic) silicon surfaces and tips with a
hydrophobic OTS layer and measured the adhesive forces for the four combinations of
tips and surfaces. Table 5.1 lists the results for their experiment. It can be seen that the
hydrophobic tip is more effective at reducing adhesion on a hydrophilic surface than vice
versa, and making either surface hydrophobic is significantly better than two hydrophilic
surfaces. This agrees with the results of Tsaol96 for dialkyl cationic monolayers
deposited on mica substrates and ShN4 tips (both of which exhibit hydrophilic,
negatively charged surfaces under water). The effect of making both surfaces
hydrophobic has a much smaller effect on reducing capillary adhesion than would be
expected, probably due to the hydrophobic interaction mentioned above.

Table 5.1: Adhesion force versus surface chemistry for AFM tips and
surfaces [after Alley et. al. 11]

AFM Tip

Silicon Surface Condition

Adhesive Force (nN)

UncoatedSi

Hydrophilic (Si-OH)
Hydrophobic (Si-H)

6.9±O.2
4.5±O.8

OTS-coated Si

Hydrophilic (Si-OH)
Hydrophobic (Si-H)

1.2±0.3
1.0±O.2
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5.9. SURFACES Used For AFM ANALYSIS
5.9.1. Silicon/Silica
Silicon is a material which has been subject to extensive research, primarily as a result of

its use in the semiconductor industry. Silicon wafers can be readily obtained from
semiconductor manufacturers which are of high purity and as a result of their
monocrystalline nature, are also relatively smooth, even on the atomic scale. Because of
these characteristics, and the well characterised surface properties of silicon, it is an ideal
material for use in AFM analysis.

The surface of silicon possesses an equilibrium layer of oxide (silica - SiOz)
approximately 13-15 Angstroms thickl97 which forms rapidly on exposing freshly
cleaved or cleaned silicon surfaces to air. This means that unless prepared and maintained
under careful conditions, all analysis on the surface of silicon will in fact be performed on
silica. Silica surfaces are negatively charged at pH values in excess of 3, the IEP of
sili'ca56 .

Table S.2: Surface properties of common AFM
substrates in mJ/m2
Surface

fa

Silicon/silica
Fused silica
Silica Glass(dry)
Mica

Silicon substrates have routinely been prepared for measuring tip-sample forces in the
AFM. Either hydrophilic or hydrophobic surfaces can be produced, depending upon the
treatment used. Hydrophilic surfaces (Si-OH terminated) can be achieved by immersing
the substrate in an oxidising acid rinse such as hydrochloric or nitric201. In AFM work,
much attention has been given to aqueous cleaning solutions comprising a 1: 10 to 1:5
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solation of H2D.2:H2S0411, 202 based around the RCA SCI silicon etch solution.
Hydrophobic surfaces are produced by imniersing the silicon sample into a dilute solution
ofhydrofluoric acid for short periods of time to remove the native oxide layer and replace
it with a more hydrophobic surface consisting predominantly of Si-H and Si_CHx l97 .
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6.
EXPERIMENTAL

The experimental section is divided into two main areas - work performed on organic
coating adhesion (sections 6.1-6.2.4), and adhesion investigations performed using the
AFM (sections 6.4-6.14).
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6.1. ORGANIC COATING ADHESION
This work was divided into two parts: initially four topcoat systems - 2 fluorocarbon and
two polyester topcoat paints were examined for adhesion durability. Later work involved
the investigation of adhesion problems in 12 variants of TYPE 1 COLORBOND panels
provided by Detlev Mueller at BHP. These two sections are distinct and are referred to in

separate sections - part A and part B respectively.

PART1A:

6.1A.l. "Lab" Typellfype2 COLORBOND Preparation
Due to a difficulty in obtaining production COWRBOND samples, it was decided to use

laboratory produced samples for the commencement of the experiment. Samples of 0.42
mm ZINCALUME G550 (AZl50) were obtained from Number 1 Paintline at BHP Port
Kembla. This was cut into panels of approximately 350 by 150 mm, the long axis in the

rolling direction. These were then pretreated as described in section 6.1A.2 and Figure
6.1

ZINCALUME@

+A
Brand
Alkali Cleaner

_

r

~RedTYPEl

primerA
........ Coral White TYPE 1
Brand B Chromate
Conversion Coating
\
~ Off White TyPE 2
4PrimerB
........ Black TYPE 2

Figure 6.1: COLORBOND Sample preparation sequence.
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6.1A.2.Pretreatment
Test panels were cleaned under spray jets of Brand "A" alkali cleaner (requiring 4.7 mL
H2S04 per 10 mL of solution to titrate) held at 65"C and 150 kPa for 3 seconds. A water

rinse maintained at 5S'C and 150 kPa for two seconds followed this treatment to
neutralise the alkali cleaner. Panels were then rolled in a squeegee to remove excess water
and blow-dried.

Brand "B" chromate conversion coating solution mixed to 12% v/v with de-ionised water
was drawn down the cleaned and dried test panels using a #10

draw~down

bar. Excess

1402w was spun off using a spin-drying unit for 20 seconds.

6.1A.3.Priming
Samples which were to be coated with polyester paints were primed with a chromatefined primer (Primer "B"). A #12 bar was used which gives an approximate coating
thickness of 5 pm. After drawing down, the panels were placed in a 10 kilowatt oven
held at 280OC. The time in the oven was adjusted to produce a Peak Metal Temperature
(PMf) of 232"C. After this time, the samples were removed and immediately quenched
in a cold water bath and allowed to air dty.

Samples which were 10 be subsequently coated with fluorocarbon paints were primed
with a high-chromate (4.9% Cr) chromate-filled primer (Primer nAil) using a #40 drawdown bar which produces an approximate film thickness of 17-18I'm. Time in the 10
kilowatt oven held at 300"C was adjusted to achieve a PMT of 260°C. Again. panels
were quenched immediately upon removal.

Defects were marked with a permanent marker pen so that following topcoating. these
could be discarded to avoid inclusion in tests. Pigment-to-binder ratios as furnished by
the suppliers for the two primers is 0.88 for Primer B, and 0.90 for Primer A.
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6.1A.4. Topcoat Paint Systems
Topcoating followed as soon as practicable after priming. For the polyester topco.ted

panels (TYPE 2), this was within one hour of priming using a #32 draw down bar

producing a topcoat thickness approximately 17-20 ]lID. In the case of the fluorocarbon
systems (TYPE 1), however, topcoating was not possible immediately due to the

prcxluction of large quantities of streaks in both the topcoat and primer during drawing
down. The surface produced was very rough. and would not have been suitable for

bonding. The TYPE 1 primed samples were allowed to age for 64 hours (over a weekend)
after baking of the primer prior to topcoating. This produced a surface which was flat
and possessed. few streaks. A #40 draw down bar which creates a film thickness of

approximately 20 J4m was used on all TYPE 1 panels.

Four paint samples were obtained from stock held at the BHP-R PKL paintlab. They

represent the two main paint systems used on COLORBOND - polyester and
fluorocarbon - and also two extremes of pigment-to-binder (P:B) ratio which is known to

influence COLORBOND performance. The paints are listed below:

POLYESTER ("PN')

: (25% gloss black)
: (25% gloss off-white)

FLUOROCARBON ('FN") : (Red)
: (Coral White)
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6.1A.5. Pigment-to-Binder (p:B) Ratio Determination
The white paint systems require a higher P:B ratio with respect to darker paint systems to
maintain an acceptable level of opacity. The exact P:B ratio of each paint was detennined
using a Perkin-Elmer TGA-7 thermogravimetric analyser (TGA). Each paint was atirred
vigorously for a minimum of 5 minutes ensuring any settled solids were resuspended in
solntion. Samples of each paint ( approximately

to mg) were loaded into a crucible and

placed in the TGA. The sample was then heated at 40 "CImin to 230 "C and held there for

15 minutes to allow solvent to escape from the sample. Moor this isothennal soak, the
temperature was mmped again at 40 OCImin to 900 OC. This temperature ensured all
organic matter (in the form of the polymer hinder) had been combusted and only
inorganic residue (pigment) remained. By determining the fraction of the initial mass of
each component dnting the heat treatmen~ the P:B conld be evaluated as a percentage of

the initial sample mass, The principle is illustrated in Figure 6.2.

1\
Solvent

---.

a

~

\..

!

Polymer
Binder

~

Pigment

0
0

.

230

900

Temperature (0C)

.

Flgure 6.2: Schematie representation of a typical TGA curve for
quantifying the P:B ratio of a paint sample.
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6.1A.6. COWRBOND Test Square Preparation
Test panel edges were trimmed between priming and topcoating to remove regions where
superfluous primer had built up andlor did not fully cover the substrate. Had this not

been performed, the topcoat draw-down would not produce an even film tlnck:ness due 10
the draw-down bar riding up over the thicker edge regions. This process was repeated
after topcoating to remove any regions which possessed thicker regions or regions which

were Dot covered by the topcoat

Test panels were cut up into squares of 20 mm. Regions close to the edges of the test
panels were avoided as these areas tended to be more heterogeneous with respect to
coating/primer consistency than regions away from the edges. Approximately 70 test

squares were produced from each panel. To reduce the likelihood of bias from
differences between individual panels, the squares cut from the individual panels were
mixed with squares from panels of the same colour and paint system. These were then
divided into three for the three environmental conditions examined. Squares were aged in
one of three environments:

11

Ambient"

;;;; ambient temperature/ambient humidity

"Dry"

;;;; 5O"C/ambienthumidity

IIWet ft

;;;;

.5()'X:/95% relative humidity
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6.1A.7. Pull-OtT Test Stud Preparation
Aluminium studs which comply with the criteria set out in ASTM D4541-85 were
!1llIChined on a lathe from 10 mm rod stock (Figure 63). A neck waa machined at one
end to fit into the jaws of the test equipment, and the other end parted off. Subsequent to

machining, the studs were immersed in a mixture of methanol and trichloroethane
(approximately 9:1) and ultrasonically cleaned for five minutes to remove any adhering

swarf and oily contaminants.

The end opposite to the neck which is bonded to the test square was ground
petpendicular to the tensile axis on silicon carbide paper (120 grit). A grinding jig also
machined on a lathe, ensured perpendicularity was maintained while grinding. To remove
grinding debris. the studs were again ultrasonically cleaned for five minutes, this time in

boiling water. Previous work by the author has evinced increased bond strengths in
situations where failure occurs at the aluminium/adhesive interface by the use of boiling
water pretreatments which encourage the formation of pseudo-boelunite aluminium oxide
(AlOOH). This was petformed as a safety measure to prevent failure occurring at this
interface.

Aluminium Stud

Neck

Colorbnnd® test square

Figure 6.3: Test stud specimen ready for testing
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The studs were removed from the boiling water and placed in an oven maintained at SOOC
until dry. During tllls period, each test square was cleaned by Wiping with a new, lightly
ethanol~wetted

lint-free tissue

("Kimwipe~)

three times. A dry section of the same

Kimwipe was then used to remove any residual ethanol. The smface was checked to
ensure no fibres from the Kimwipe were adhering to the area to be bonded. If so the

surface was recleaned.

The studs were then taken one at a hme from the oven and adhesive applied 10 the ground
end of the stud whilst they were still hot using a spatula for the epoxy adhesive or an
applicator nozzle for the cyanoacrylate adhesive. Excess adhesive was then blotted away

using a Kimwipe. The stud was then placed centrally on the test square and the
assembled test piece transferred to a level shelf in the oven (held at 300c) to cure under its
own weight for 24 hours for samples aged in "Ambient n and "Dry" environments, and in
a 5O"CI95% relative humidity for samples aged in a WWet" environment.

6.1A.S. Adhesive Selection
Prior to undertaking work. on these four topcoat systems, experiments were performed on
"Grey" and "Red' TYPE 2 COLORBOND and vanous TYPE 1 COLORBOND, in an
attemptto find an adhesive which performed well on both TYPE 1 and TYPE 2 systems
available at the time. A satisfactory adhesive possesses both moderate to high initial
adhesion and also greater than 50-70% pick off of topcoat (or primer) when tested. using

the stud test. Ciba-Gcigy KI06 (2 part, filled) epoxy Araldite was ,elected due to one of
the highest pull-off strengths, and the highest pick-off, (typically greater than 80% on
polyester topcoat systems).
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6.1A.9. Temperature Control
It has been noted in the litemture that test temperature can have a significant effect on the

reported strengths of adhesive bonds. Ashcroft et al 203 has reported a temperature
sensitivity of only a few degrees when testing lap-shear specimens of COLORBOND
bonded with epoxy adhesive systems. In order to reduce such variation, temperature was
controlled during both T -bend and pull-off testing to ±1 "c using a non-humidifying air

conditioner unit in the testing rornn.

6.1A.I0. Pull-ollTesting
Samples ..sembled .. per Figure 6.3 were placed in a specially prepared jig (Figure 6.4)
which consists of two lathed discs of stainless steel which are bolted together such that
each of their flat faces are parallel. The bottom disc is pierced rigidly through its centre by
a threaded shaft, the opposite end of which fits within a universal joint in an INSTRON

4302 tensile testing machine. The top disc is bored on a lathe so that a hole approximately
10.3 mm (13/32 11) runs through its centre perpendicular to both end faces. This permits
the assembled stud test sample to be inserted through the hole, and the top disc bolted to
the bottom disc. The neck in the stud-test sample is then placed in the top universal joint
of the INSTRON and is ready for testing. The universal joints attempt to maintain
uniaxialloading upon the mountedjiglsample assembly. The hole in the top disc is made
as close to the diameter of the stud itself such that deformation of any unsupported
substrate is minimised during testing. whilst still permitting easy stud passage. All
surfaces were machined on a lathe to ensure coaxial alignment.
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Figure 6.4: INSTRON 4302 pull-off test Jig.

6.1A.ll. T-Bend Sample Preparation
Strips of COLORBOND approximately 300-350 mm long and 30 mm wide were cut

from the "Lab" produced panels for use in T-bend tests. For each coating colour, two
visually representative panels were selected, and three strips cut from each. These were
taken from areas which were as defect free as possible. The six strips were divided into 3
pairs - two for each ageing environment. These were then placed in their respective
environments, taking care in the "Wet ft environment to ensure the coated sutface

remained vertical to prevent water from accumulating and stagnating on it
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Although ASTM D4145-83 stipulates a minimum of 50 mm (2 inches) for T-bend

samples, this was not pc>Ssible due to the limited sample material available. Such a width
would also mean that areas at 1I1e periphery of tha panel would be included in tha T -bend

samples which are of dubious coating quality. 30 mm was chosen as an acceptable width
witholltjeopardising the amount of samples available for stud-test investigations.
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PARTlB:
6.1B. TYPE 1 Panel Study
Many of the features of the TYPE 1 adhesion work in part lB is similar to that of part lA.

Only where differences occurred in technique or aim are they mentioned here. It can
otherwise be assumed that part lA describes such information. Temperature was again
maintained constant as in part lA, and the studs used for part lE are the same, as is the
geometry and configuration of the tesl apparatus as in part lA.

6.1B.l. TYPE 1 COLORBOND Preparation
Twelve 300 x 125 mm laboratory produced COLORBOND TYPE I panel' (designated
1130-1 to 1130-12) aged in ambient(indoor) conditions for "greater than a week" were
obtained from Dellev Mueller of BHP·R PKL. Substrale material was ZINCALUME
0300 (0.5 mm skinpassed). The coating system details for each is listed Table 6. 1. The
panels were cut into pull-off test (stud test) specimens of 20 x 20 mm. Regions within

5mm of the edges of the test panels were avoided as these tended to be more
heterogeneous with respect to coating/primer consistency than regions away from the
edges. To reduce the likelihood of bias from differences between regions of the panels,

the squares cut from each panel were mixed randomly and divided into two groups for
the two environmental conditions studied. Squares were aged in either the Ambient or
Wet environments as described in PartA. In both cases samples were placed such as to
preclnde exposure to direct sunlight
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Table 6.1: BHP TYPE 1 panel topcoat system details.
Sample #
1130·1
1130·2
1130-3
1130-4
1130-5
1130-6
1130-7
1130·8
1130·'
1130·10
1130-11
1130-12

Topcoat

Primer

a· 251'm
b- 25l'm
c-25pm
d- 251'm
e- 25pm
f - 251'm
g - 25pm
h.25pm
h.Sl'm
a-Spm
h- 25)'ffi
a- 25pm

X • 2Ol'm
X -20)'ffi
X -20)'ffi
X - 20)'ffi
X -20l'm
X -20l'm
X - 20pm
X -20pm
Y -l0l'm
X .20l'm
Z-20pm
Y -20pm

Comment
TYPE 1

TYPE 1 variantA
TYPE I variant B
TYPE 1 variant C
TYPE 1 no talc

TYPE 1 no extender
Old TYPE 1
PVF2 on thick Primer B
TYPE 1
TYPE 3

BHP Polyester on Primer tle n
BHP Poly on Primer A

where X = PVF2
Y = Polyester lDpcoat (Amorpol2000)
Z = BHP Polyester
a = Current Primer A (4.9% Cr)

b::: a + non-chromate pigment modification A
c::: a + non-chromate pigment modification B
d::: a + non-chromate pigment modification C
e=a-talc

f:;;; a - extender
g = High chromate Primer A (10% Cr)
h= Primer B

6.1B.2. Adhesive Selection
Several adhesives were trialled on samples of TYPE 1 COLORBOND prior to the

commencement of this experiment in order to ascertain an adhesive which evinced at 1east
moderate initial bond strength, and more importantly, greater than 50-70% pick off of
topcoat (or pnmer) when tested using the stud test. Cyanoacrylate adhesive (Selley's
Supa Glue) was selected due lD one of the highest pull-off strength, and percent pick-offs
(typically greater than 90% on TYPE 1 fluorocarbon lDpcoat systems). Other adhesive
systems were able to produce similar results, but required either elevated temperature
cures and/or long cure times which is undesirable. KI06 epoxy, as used in previous
studies - including Part A of this study - surprisingly showed poor adherence to the
surface of these TYPE 1 panels, and could not be used.
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6.1B.3.SEM
A Leica S440 SEM provided images of fracture surfaces in order to ascertain the mode
and mechanisms responsible for Ixmd failure. Pigment particles could be resolved and the
degree to which they are wetted by the matrix qualitatively ascertained.

6.2. Experimental Errors
Preliminary pull-<>ff experiments conducted by the author has found that there exists a
rather large degree of error in the results - typically greater than 25%, often up to 100%.
Ideally the five samples used for each data point on the graphs used for analysis of the
results would all be identical, and under ideal circumstances, would yield identical pull-

off and pick-off results. As usual this is not the case experimentally. The data for the
pull-off curves contains errors often much in excess of the data value itself. Some
variance can be explained through material inhomogeneities, and fluctuations in testing
conditions. However this would not account for such massive differences in what are
assumed to be nominally alike samples. Many operator-induced contributions to the error
are possible and are discussed briefly.

6.2.1. Excess Adhesive Removal Operation
The test studs were prepared by applying the epoxy adhesive to heated studs with a

spatula in the case of part A of the experiment, and using an applicator to deposit one
drop of cyanoacrylate adhesive to the heated studs for part B. The effect of heating was to

dramaticaUy lower the viscosity, especially that of the epoxy which reduced the

occurrence of holiday and void fonnation in the bondline from trapped air pockem, and
also produced a -!TIarked1y decreased bondline thickness and vastly improved its
reproducibility. Another bonus was the reduction in the amount of adhesive which was
expelled from the bondline to the periphery of the stud/substrate interface. This armulus

78
of waste adhesive was of varying thickness and to maintain constant bond areas and more
importantly maintain a flat substrate sutface with which to butt against the top disc, had to
be excised from this location using a sharp scalpel. This process was deemed both

necessary for this reason, and also detrimental due to the unavoidable force (moment and
thus shear force) applied to the coating system during this operation. Holding the stud
towards the top to avoid danger from scalpel slippage maximised the torque applied to the
base of the stud. This may have weakened some coatings and resulted in several studs
falling off the surface of TYPE 1 panels prior to testing in previous studies before this
effect was realised. Although particular care was taken for this study, this effect cannot
be ruled out as a possible source of variation and broadening of the 95% confidence

intervals.

6.2.2. EffectofTest Geomelry
The premise upon which the pull-off test is based is that it imparts only tensile forces
orthogonally 10 the substrate surface. The substrate will then not be subjected to shear
forces. Any misalignment of the sample in the test jig, or the jig itself will result in
eccentric loading and the introduction of a shear loading component on the coating at the
expense of the effective applied tensile force. Not only will this make many of the derived

equations for analysing the data invalid, it will also inflUence the repeatability of the test
Varying degrees of misalignment will result in varying modes of loading and
unpredictable test results. It was noticed in some instances that the test studs did grip in
the upper test jig disc. During loading these tended to auto-align at low loads apparently
without influencing test results. However, where rough regions were present at the base
of the stud from cleaning operations, the substrate may not have been able to butt flat

against the top disc and thus loading and test reproducibility wonld be affected.
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6.2.3. Snbstrate Bending Under Load
With repercussions similar to those of not cleaning excess adhesive from the base of the
stud. substrate warping during loading influences the measured ultimate bond strength.
Warpage of the substrate occurs as the substrate is drawn into the small annular region

surrounding the stud in the loading jig upper disc, producing shear loading within the

coating. Differing degrees of warpage would be expected - with greater warpage
occurring at higher loads. Such warpage was shown to alarmingly influence measured
bond strengths of primer-metal adhesion in tests performed after the completion of the

initial stages of this project. Stud test samples were prepared from primed panels of
equivalent yield strenglh and modulus of that used in part lA of this study. Unsupported
tiles were tested and compared to identical samples which in addition had a ceramic tile
bonded to the substrate back. The results are reproduced below.

Table 6.2: Median pull-off force (N) for 10 mm stud-test samples
with and without substrate support
Ceramic Tile Backed Samples
1208± 69

Non-Backed Samples

106±8

This result suggests that this factor would most definitely be responsible for a dramatic
decrease in measured bond strength. However, this should remain constant providing the
substrate yield strength is the same amongst the panels tested. Because the panels in part
lA of the study were all based on the same sheet of ZINCALUlvIE G550, this effect
should occur to the same extent for all four of the TYPE 1 and TYPE 2 coating systems.
Naturally, the effect would be exacerbated on substrates of lower yield strength, as is the
situation for the 12 panels of part lB which have coatings applied over ZINCALUME
G300, a lower yield strenglh (300 MPa minimnm) material.
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6.2.4. Percent Pick-otIValues
The percentage pick-off is only a subjective measure and is liable to systematic operator
error. Therefore attempts have only been made to quantify the pick-off area down to the
nearest 5%. Where pick-off was almost always greater than 95% as was the case for

fluorocarbon systems in part lA, pick-offs were quoted to greater accuracy by using a
dO magnifier to help differentiate slight changes in pick-otT.
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6.3. AFM STUDIES
A Digital Instruments Nanoscope IlIa SPM utilising both silicon and silicon nitride
Nanoprobe® cantilevers was used throughout the course of the investigation. Where

possible accurate calculation of the cantilever spring constant was performed prior to use.
Details of how this is performed is included in subsequent sections.

The two main AFM operating modes used for gathering adhesion, topographical and

other information about the tip-sample interactions were Force Calibration and imaging in
both Contact and TappingMode™. Whenever feasible all measurements of both adhesion

and topography, were made using a fluid cell in a controlled environment.

6.4. Calculation of Cantilever Spring Constant
Digital Instruments Silicon TappingMode cantilevers (Type TESP (W)) were evaluated in

terms of their resonant frequencies and spring constants using the method of Cleveland et
al 131 , 132, 134. Utilising the colloid probe manufacturing technique pioneered by
Duck.er142, two XYZ micromanipulators were used to focus a 600x digital colour CCD
camera on a fine copper wire (etched to a point approximately SO-80Jffi1 diameter in nitric
acid) or a silicon cantilever in such a way that focusing could be attained individually or
simultaneously. Tungsten spheres of 5 to 30 pm in radii were placed on a microscope
slide allowing individual spheres to be resolved with the CCD camera A copper wire
was brought into contact with a sphere of desired radius (measured using vernier calipers

fmm the video display). Capillary and/or electrostatic attraction allowed the sphere to
attach itself to the sharpened point of the wire - the former particularly on days of high

ambient humidity. The slide was removed and a precleaned cantilever placed in an
ambient-environment cantilever holder, was brought into focus close to the sphere.
Condensed water from exhaled breath was used to entice the sphere to detach from the
wire and adhere preferentially to the ontennost point of the cantilever. This was usually
successful, except where ambient humidity was high enough to provide superior
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adhesion to the copper wire. In such instances a very small smear of vacuum grease was
applied to this extremity of the cantilever, and the sphere placed on this spot was found to
adhere well. The temporary colloid probe was then loaded into the AFM and the resonant
frequency measured. This was repeated for each cantilever using five spheres of unique

diameter. The resonant frequency of the unloaded cantilever was also recorded. The
values of added mass versus

(23tV) - 2 were calculated and plotted. The slope of the line

of best fit provided the spring constant of the cantilever, and the negative y-intercept the
effective mass of the cantilever.

6.5. Conversion of AFM Dala to Force Curves
The Nanoscope III AFM software of Digital Instrwnents generates a file of cantilever

deflection versus sample displacement. This can be converted to force versus
separation56• 140, In order to superimpose several force curves on the one graph and

other data analysis, it is necessary to export the raw data, and manipulate this on a
spreadsheet program which accepts ASCII data, such as Microsoft Excel.

6.6. Conversion ofPhotodiode Voltage Signal (Tip Deflection)

to Cantilever Force
To convert the exported data from the AFM into a force value, the following equation can

be implemented to deconvolute the data204:

Force = cantilever spring constant x {tip deflection}

= k x {(20 x [In Sensitivity]) / (65,536 x [Detect Sens])}

(6.1)

where k is the cantilever spring constant In Sensitivity is the gain factor between the
detector and controller computer (volts of detector versus volts to PC). Detect SeDS is
in volts of the detector per mn travel of the Z piezo (V/nm). 65,536 represents the 16 bit
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data stream that the AFM operates at (±32768). The paI1lllleters in square parentheses are
found in the header of the AFM ASCII export data me.

6.7. Conversion of Z-Piezo Voltage to Tip-Sample Distance
The z-piezo motion is recorded by the Scan size and Samps/line parameters. By

dividing the scan size by the Sampsfline value, the distance in nm between each sample
point is calculated, and the total sample displacement can be determined. To produce a
force versus tip-sample separation curve, it is necessary to define zeros of both force and
separation. The zero of force occurs at point A of Figure 5.2, at large tip-sample

separation, where the deflection is constant. The origin for distance occurs where the
cantilever is in contact with the sample (the linear compliance region - between points C
and D of Figure 5.2). The tip-sample separation can now be calculated by summing the

deflection of the cantilever to the sample displacement, ensuring that the sign convention
used for directions is kept constant throughout the calculation.

6.S. Adhesive Force Calculation
The Nanoscope IlIa data was exported via ASCII output and transformed using a
spreadsheet macro (see Appendix A) via Equation 6.1. This yielded the magnitude of the
adhesive force for each pull-off curve captured. This value was then used to evaluate the

work of adhesion between the tip and substrate under the prevailing environmental
conditions or applied load or rate of loading. To perform this, the DMf theory was used

in preference to the JKR theory because it predicts the work of adhesion more accurately
than the JKR theory, and from Equation 2.18, the typical neck height formed by the tip

and substrate for silica or silicon would only be a few nanometres at most (assuming K
for silicon is 107 GPa and for silica 95 GPa2~ which makes it more suitable according
to Burnbarn49 The following figure depicts the DMf relationship between the tip and the

substrate.
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Figure 6.S: Proposed DMT relationship between a spheric-ally
terminated tip and a nat substrate.
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6.9. Environmental Control
6.9.1. Gas Drying
Gases can be dried either by passing the moisture laden gas through a column of a

desiccant, or alternately holding them in contact with the media in a sealed vessel such as
a desiccator. High surface area desiccants are preferable to liquid or large granules as they
provide rapid moisture removal from the gas stream. Optimally the desiccant should
retain its shape as it absorbs moisture so as to prevent clogging of the desiccant column

and impeding of the gas flow. Silica gel, Drierite® and molecular sieves all perform the
function of removing entramed moisture from gases206, and can be used to reduce the

moisture content of fluid cell purge gas to extremely low levels. below the level at which
capillary formation occurs.

High purity nitrogen was passed through a 300 mm column 30mm in diameter containing
approximately 40 percent activated Drierite, 40 percent activated 3

Amolecular sieve and

20 percent fresh (ie deep cobalt-blue) indicating silica gel, separated by layers of

absorbent paper. The air from this column was then passed through two Dreschel bottles
in series, each with a type 0 sinter disc and half filled with more indicating silica gel. This

gas was used as AFM feed gas throughout all experiments.

6.9.2. Relative Hnmidity Control
By holding an amount of gas over a salt in contact with its saturated solution, a constant
relative humidity can be produced and the percentage relative humidity (RH) expressed

a?Y':
RH = Ae(Blf)

(6.2)
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where A and B are constants, and T the temperature in Kelvin. Common salts used can
produce a range of humidities from almost zero to fully saturated. Examples are given

below:
Table 6.3: Relative humtdities of some common saltl

Compound

07

Relative Humidity (%)

A

B

6
9
11
18
29
33
51
69
75
81

5.48
0.0\4
14.53
0.15
0.11
29.26
1.89
29.35
69.20
62.06

27
1924
-75
1424
1653
34
981

NaOH.H20
KOH. 2H20
LiCl.H20
LiI.3H20
CaC12·6H20
MgCi2·6H20
Ca(ND3hAH20
KI
NaCI
(N!4hS04

254

25
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To modify the reiaav. humidity in the AFM Ouid cell, approximately 150 mL of

supersaturated solutions of several water soluble compounds were placed in the bottom
of a six litre vessel, 300 mm diameter.

Self~sealing

coupling units were attached to the

inlet and exit ports such that the unit could be isolated. The unit was filled with dried
high purity (DHP) nitrogen gas in order to maintain conSlstency with other experimental

work, which was always performed under a DHP nitrogen gas environment Once filled,
the unit was left for 15-30 minutes to equilibrate at ambient temperature (held constant at
22"'C). The expansion of a balloon affixed to the roof of the vessel facilitated the
expulsion of the equilibrated gas into the gas line impingent upon the AFM fluid cell. A
flow rate of 100-200 mUminute allOWed for the variation in relative humidity in the fluid
cell to come to equilibrium over a period of approximately 30 minutes - limited by the
maximum expansion of the balloon.
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6.10. Sample and Tip Cleaning
Because the forces measured by the AFM are on the atomic or molecular scale, it is

imperative that the swface being examined is fastidiously clean. Any contaminant layer
remaining on the surface after primary cleaning stages is likely to dramatically effect the

measured forces, leading to unreliable data and making reproducibility of results
impossible. Therefore it is necessary for a final cleaning stage to be performed which
effectively removes contaminants on the atomic scale.

Any cleaning stage selected should only cleanse the surface of contaminants, and leave
the cleaned surface representative of the true surface. Any increase in roughness, or
alteration in surfaoe chemistry will significantly affect measured contact angles 208 and

force data, so care should be exercised and experimentation performed for each substrate

prior to settling on one standardised cleaning programme.

Several cleaning solutions were trialled to evaluate their effectiveness in terms of

reduction in contact angle, and also the roughening effect they had on the substrate
surface. The four most promising were nitric acid (70%), aqua Regia (70:30
HCl:HNO:l), dilute chromic acid (20 mL of 1 molar aquecus solution:60 mL H2S04),
and ReA (basic) solution (1:1:5 H2<h:annnonia solution (28%):H20). 151'm2 areas of

substrates cleaned in these solutions were scanned using contact AFM in order to obtain a
representative swface roughness as determined by the Nanoscope@ software. Contact
angle measurements were peIformed immediately upon removing the silicon square from
the cleaning solutions and blowing it dry with a jet of high-purity argon gas. This enabled

a relative estimate of cleansing performed by each treatment - a substrate wetted by water
being indicative of highly effective cleaning.
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6.11. Con1act Angle Measurement
Contact angle measurements were made for several reasons. The thermodynamic
characterisation of substrates used in the AFM was the main experimental use for such

measurements. However, the contact angle goniometer also provided an invaluable
means for qualitatively detennining the effectiveness of both cleaning and silanation
operations.

Contact angle measurements were made using a Rame-Hart NRL Contact Angle
Goniometer. This essentially consists of a low-power microscope, sample stage and
integrated environment chamber, and a means of illumination, all located coaxially on a

sturdy bed such that the sample/droplet interface and microscope crosshairs can be

brought into simultaneous focus. Two microscope crosshairs are visible in the
microscope barrel- an horizonta1 and a vertical graduated crosshair. A flat sample is
placed OD the sample stage and adjusted via spirit levels such that its upper surface is
level. Next the horizontal crosshair is adjusted to be coincident with the top of the sample
surface. A small (:=:3 j(L) drop of a liquid of known surface tension ("probe liquid") is
deposited on the surface of the sample. The graduated crosshair is delineated into
approximately 130 degrees by one degree increments. By rotating its bezel, the angle
which the tangent to the drop and droplsubstrate interface can be read for each side of a
droplet. This is repeated for several droplets of each probe liquid. By such means a FoxZisman plot can be constructed for each substrate of surface energy less than 72 mJ/m2.
This upper limit exists as above this surface energy hydrogen bonding between the
substrate and droplet tends to nullify the assumption of linearity between the cO'jine of the
contact angle and droplet surface tension relied on by Fox-Zisman plots. Water is also the
probe liquid of highest surface energy for which substantial thermodynamic data exists.
Although mercury can be used, the large difference between the value of its surface
energy (485 mJ/m2 ) and that of water means that a very large extrapolation is necessary
were it to be included in such plots, and significant hydrogen bonding will occur between
it and the substrate. Past Fox-Zisman plots produced by the author for Tenon, polished
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aluminium and miscellaneous polymeric surfaces using six probe liquids ranging in
surface tension from 40.9 to 72.8 mJ/m2 has produced surface energy (yJ values which
correlate very closely with swface energy values in the literature. In many cases the
corresponding linear fit (r squared value) showed over 99% agreement When the datum

for mercury was inclUded, the surface energy value decreased and the r squared value

also decreased substantially.

The six probe liquids used exclusively throughout all experiments and their surface
energies are listed in Table 6.4. Prior to making contact angle measurements, all surfaces
were cleaned as thoroughly as possible endeavouring not to alter the surface chemistry.

No surfactants were applied, instead reagent-grade solvents such as acetone, ethanol,
trichloroethylene and water were used instead. Ultrasonic cleaning was used to augment

the cleaning process. Such solvents were always blown off before evaporation using a
concentrated jet of DHP nitrogen gas. This ensured solvent contaminants did not
concentrate on the sample surface.

Contact angle measurements were averaged for the left and right hand sides of the droplet

of probe liquid formed upon the substrate. This value was considered as one contact

angle measurement At least fifteen discrete contact angle measurements were made on
three representative substrates in order to reduce the likelihood of surface irregularities,
chemical heterogeneity or contamination erroneously influencing the data.

Table 6.4: Probe llquids and their surface energies.

Probe Liquid

Surface Tension
(mJ/m2)

a-Brornonaphtludene
Tritolyl Phospbste

44.4

GlyceroJ

40.9
50.8
58
64

Water

72.8

Diiodomethane
Formamide
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6.12. Silanation
Both vacuum and solution silanation methods were used to produce sHane-coated AFM
tips and substrates. The most common silane used was Octadecyltrichlorosilane (arS),
mainly due to the large amount of data on its behaviour and properties, in particular its
self assembled monolayer forming nature. For vacuum silanation, the item to be silanised
was placed in a cleaned, argon filled desiccator which was attached via a cold finger to a
rotary vacuum pump able to evacuate the chamber to -100 kPa. A small amount of the
sHane was mixed with a low vapour pressure solvent - usually trichloroethane - in a small
petri dish placed in the bottom of the desiccator. The target item and a control silicon

square were placed on a wire gauze shelf about 40 mm above this dish and to one side in
order to eliminate the risk of direct splashing of the solution onto their surfaces which
tended to occur at low pressures as the solvent boiled vigorously in the evacuated
desiccator. After evacuation was complete the stopcock was closed and the desiccator
allowed to sit at ambient temperature for a period approximately 24 hours. The sample
was then removed and the control piece of silicon was tested for coverage using contact
angle measurements, thus indicating the nature of coating on the AFM sample. It was
found that the white polymeric layer of adsorbed silane molecules which is omnipresent
after solution-silanation did not occur during vacuum silanation indicating either
incomplete coverage, or more optimistically a single deposited monolayer with only a
small percentage of adsorbed (and therefore loosely bound) silane molecules.

Solution silanation proved difficult. especially on AFM cantilevers due to the formation
of the white polymeric siloxane on the surface of the silane monolayer. In the case of a
substrate, this could be easily removed using a solvent soaked wipe until the surface
appeared uniform in colour and all traces of milkiness was removed. However, for
cantilevers, such wiping is obviously not possible due to their fragile nature. Thus for
cantilevers it was almost always preferable to use vacuum silanation methods for surface

modification.

91

6.13.Ellipsometry
Reported thicknesses of OTS and other silanes quoted in the literature were juxtaposed
with values of experimentally produced silane layers using ellipsometry. A Rudolph

Research AutoEL was calibrated initially. then checked prior to use each time a
measurement was made. Oxide refractive indices were assumed as those provided by the
AutoEL manual.

6.14.SEM
A Leica 8440 SEM was used in scanning mode to augment AFM information, in
particular to resolve and measure the radius of cwvature of AFM tips and to qualitatively

evaluate the surface states of tips before and after cleaning and silanation. Although the
AFM is capable of detemrining the radius of curvature of tips with a higher precision than

the SEM, due to the fragile nature of both the tip itself and the silane coating, it was
decided to use a more non~intrusive probing technique.
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7.

RESULTS

To maintain coherence and simplicity, the results and discussion sections are separated

into two sections - Organic coating adhesion studies (section 7.1) and AFNI studies

(sections 7.2-7.10). Part 1 will be delineated by the two distinct experimental segments "Lab" produced TYPE 2 and TYPE I samples (Part lA), and BHP TYPE I samples (Part

IB) in the results section, but due to the similarities and equivalence for much of the
findings, will be analysed and discussed interchangeably.
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7.lA. Organic Coating Adhesion - "Lab" Samples
7.lA.l. P:B Ratio Determination
The experimental. P:B ratio (mass fraction) was determined by TGA for the four paints

used in coating the panels in part lA of the experiment These were compared to the
official values quoted by the respective paint manufacturers (Anzol for polyester paints
and Counaulds for "Fluoceram" fluorocarbon paints). The pigment, binder and solvent
mass fraction were also determined by TGA analysis. This information is summarised in

Table 7.1.

Table 7.1: Properties of paints and primers used in part lA
or the experiment. (P:B ratio Is by mass)
Paint Type

Exptl.
P:B Ratio

orncial
P:B Ratio

Solvent
%

Pigment
%

Binder
%

RedFN
Cmal White FN

0.31
0.45

0.31
0.5

47.3
45.4

12.5
16.9

40.5
37.7

Off-WhitePN
BlackPN

1.02
0.09

0.86
0.26

32.8
41.8

34.0
4.9

33.2
53.3

PrimefA

PrimerB

0.90
0.88

In most cases both quoted and experimental values correlate quite well. The exception is
the black polyester paint which is much lower than the official value. Errors are undefined

as all results are from a single specimen approximately 10 mg.

7.lA.2. Pull-OffTest Results
The pull-off data gathered for the four paint systems in each environment is presented
gmphically in Figs 7.la and 7.lb. Each data point represents the mean of at least five
tests. For reasons of clarity the 95% confidence interval indicators have been omitted, but
are included in Appendix B. Average errors of 95% confidence for the pull-off tests are

approximately 15-25% of the mean values.
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Figure 7.1a: Pull· oft from Colorbond samples .. raw data
Figure 7.la shows the resuits from pUll-off tests for hoth polyester (PN) systems and
fluorocarhon (FN) systems conducted over 117 days of exposure for all three

environments - "Ambient"; "Dry"; and "Wet", From this graph it is clearly evident that

in all three environments, white polyester consistently perfonns significantly worse than
any other system. Pull-off values for this system are approximately 60% of those for hoth

fluorocarbon paints and the black polyester system.

The mode of failure was always cohesive for all four systems. hut the locus of failure
was different hetweenthe TYPE 1 and TYPE 2 systems, TYPE2 systems failed exclusively
in the topcoat, while TYPE 1 systems always failed within the primer layer. Figure 7.1b
shows the percentage pick-off corresponding to the data of Figure 7.lafor each system.
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Figure 7.1b: Pick-off percentages for all paint systems in all three
environments for the 117 day test duration.
Both fluorocarbon paint systems maintained pick-offs of close to 95% throughout the test

dumtion with the exception of day 2. This appears to be a result of a test abetTation as this
was the only time these samples exhibited reduced pick-off. A similar occurrence is
observed for both wet and dry black polyester paints, but happens on days 14 and 18 of

testing. Generally the polyester systems displayed a trend towards increased pick-off most systems acbieying close to 100% pick-off after 117 days exposure. Examples of the
fracture surl'ace are provided in Figures 7.2 and 73 for the white and black polyester

(fYPE 2) Daints respectively. and FiflUte 7.4 for the TYPE 1 orimer.
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Figure 7.2: SEM of white polyester topcoat system fracture surfa.e.

Figure 7.3: SEM of black polyester topcoat system fracture surface.
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Figure 7.4: View of fracture surface of TYPE 1 primer after pull-off test
via SEM.

The results which stand out most are the lack of sensitivity of all four coating systems to
the ageing environment This is clear in Figs 7.1a and 7.1h where for both pull-off test

values and pick-off percentages, no discernible effect of the ageing environment is
evident for any of the coatings in the three environments.
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7.1A.3. T-Bend Tests
For the initial month of testing. I-bend samples of each of the four paint systems were
tested simultaneously with pull-off samples (the pull-off data is shown in figures 7.1a
and 7.tb). Both the T-bend at which cracking was no longer present (as viewed through

a 5x magnifier) and the T-bend at which no pick-off was evident were recorded. These

data are shown in Figure 7.5a for cracking and Figure 7.5b for pick-off.
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Figure 7.5a: Lowest T-bend obtained such that craeking did not
oecur in each of the four paints in the three environments

Only the white fluorocarbon paint showed any environmental sensitivity as determined by
the T-bend (cracking) tests. This system exhibits poor flexibility when exposed to

elevated temperatures as it requires hiAAer T-radii before passing the T-test for crackin.e:
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when exposed to the 5t1'C environments ("Wet" and "Dry"). This is increasingly the case

with prolonged exposw:e to these environments. In stark contradiction, it performs the
best (ie has the lowest T -radii) and maintains a relatively constant T -radii in ambient

conditions, indicating a marked temperature sensitivity of its fonning properties.

Exposure of the white fluorocarbon coating to a simultaneously hot and wet environment
orovided the most dramatic decrease in flexibility.
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of the four paint systems in each of the three environments

Generally, each paint system maintained reasonably consistent degrees of pick-off
throughout the duration of the T ·bend test in each environment. Of all four paint systems,
black polyester exhibited the worst degree of pick.off, almost always requiring 1 or two
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T-bends higher than white polyester before no pick-off was evident. White polyester

systems showed slightly better pick-off resistance, though not as good as the
fluorocarbon systems which typically ceased pick-off after one or two T's. Due to the

degree of error it is not possible to distinguish any appreciable effect of environment on
T -bend pick-off.

Note that when viewed with the 5xmagnifier, no primer could be seen on either the apex
of the T-bend or on the adhesive tape for the polyester paint coatings, all pick-off being
comprised of the polyester topcoat paint only. The fluorescent yellow/green hue of the

Primer A was very prominent when viewing the reverse of the adhesive tape applied to
the fluorocarbon T -bend samples. These two observations identify the locus of cracking

being within the topcoat for polyester coatings. and in the primer for fluorocarbon

samples.

101

1.18. BHP TYPE 1 P&nel Study
'fhe 12 samples of experimental TYPE 1 Colorbond, designated 1130-1 through 1130-12
were tested by the pull-off test only. using the same method as that for the four "Jab"
samples described in section 7. lA. "Dry" tests were not required, so only "Ambient" and

'Wet" environments were used. The pull-off test results are given in Figures 7.6a
("Ambient") and 7.6b ("Wet"). Because of the large number of results, the two

environments are Ireated separately to enhance clarity.
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Figure 1.6a: Pull·ofrforee. for the 12 BHP TYPE t panel. in aD
ambient temperature/ambient humidity (" Ambient") environment.
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Figure 7.6b: Pull·off forces for tbe 12 BHP TYPE 1 panel. in a
SO"CI95% relative humidity ('Wet") environment.
TypicaUy there was not a significant difference in the perfonnance of each panel in either
environmen~

though the dry environment displayed a slightly higher adhesion strength

throughout the test duration. Again, the 95% confidence intervals have heen omitted for

clarity and were approximarely2D% of the values of Figs 7.6a and 7.6b. Contrary

to the

penormance of the 'Lab' samples of 1YPE I and 1YPE 2 (part lA), failure modes and
amount often varied considerably amongst the dozen samples, hence the incorporation of

all dsta on the same graph (which is the method of dsta representation used in part lA)
cannot be used in this instance for reasons of maintaining coherency, Thus it is necessary
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to either present the data on separate graphs, or more practically present

it in a tabular

form to reduce the number of graphs necessary. The latler approach is chosen and the
results are given below. Bond strength as measured by the maximum recorded pull-off
force, percent pick-off, and locus of failure are listed in Table 7.2 for samples exposed to
ambient conditions, and in Table 7.3 for samples exposed to 5O"C195% relative humidity.

Appendix 17? contains 95% confidence interval error calculations for each set of 5
measurements for each of the test designations. No error bars were included on any of the

graphs for reasons of lucidity. Loci of failure are reported as either cohesive failure within
a layer (eg. Primer); or adhesive failure between two layers (eg. PrimerISubstrate).

Where multiple zones of failure occurred, hyphens are used to delineate different
percentages. For instance if 70% of the failure occurred cohesively within the primer,
20% occurred adhesively between the primer and substrate, and 10% occurred cohesively
within the topcoat, the corresponding type of failure would be Cohesive-AdhesiveCohesive (70-20-10), and the locus of failure reported as Primer-PrimerISubstrateTopcoat Where pick-off of one mcxle was greater than 90%, the remaining mode was not
considered significant and was omitted from the results tables. Where a percent pick-off
is given which is less than 90% and the remaining percent pick-off is not given, the
omitted percentage represents adhesive/stud failure and is not listed for reasons of clarity.

Due to the fact that the samples provided were aged in ambient conditions for a period
specified only as "greater than a week" prior to receival by the author, it was deemed

unnecessary to repeat pull-off tests for the ambient environment samples after one day of
exposure. In this case, results for zero days exposure were used again for day 1.
However, for the "Wet" environment samples, this is obviously not true due to the
different ageing environment, so tests were petformed again after one day of exposure.
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Tables 7.2 and 7.3 both contain a large amount of data. Of particular interest are samples
1130-3, 4, 7, and 9. Juxtaposing the loci of failure for these samples in the tlWet" and

"Ambient" environments reveals a change in mode and degree of failure in these systems
in the "wet" environment. Increasing exposure to the hot and humid climate results in an

increase in adhesive failure between the primer and substrate in all four coatings,
especially so for samples 1130-3,4 and 7. For the dry environment, these three samples
showed no evidence of such failure site relocation throughout the duration of the test, the

failure mode remaining cohesive within the primer layer.

Sample 1130-9 shows that the coating bond strength is decaying as initially no pull-off of

the coating could be made, and all failure occurred between the adhesive and the stud, or
the adhesive and the topcoat, this being indicative of a strongly adherent and cohesively
strong coating. Only a very small pick-off occurred on one occasion and was not repeated

in subsequent testing. After only one day of exposure to the "Wet" environment, a large
proportion of the failure became cohesive within the topcoat On further exposure some
adhesive failure began to occur, though this remained minor. The location of this
adhesive failure changed from the topcoat/primer to the primerlsubstrate on continued
exposure.
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7.2. AFM Studies
In order to make quantitative use of the AFM to study micron or nanometre scale
adhesion processes, several experimental factors need to be validated. Those imperative
to this study include the contact angle measurements for each AFM tip and substrate

combination ("adhesion system"); cleaning methods used for each system and associated

effects of such cleaning on surface roughness; calibration of the AFM cantilever spring
constants; ellipsometry of the silicon and silane-modified silicon swfaces (upon which
most studies were performed); SEM microstudies of the AFM tip geometry; and the
effects of humidity, applied load and loading rate on the adhesion.

7.3. Contact Angle Measurements on AFM Substrates
Contact angle measurements were conducted for two reasons; to determine the surface
energies of substrates investigated with the AFM to permit the calculation of adhesion
forces and 10 qualitatively evaluate the effectiveness of ars siJanation of both silica and
silicon substrates (the two surfaces used most commonly throughout the study) and also
on polyethylene terephthalate (PET) overhead transparency (OHP) film. The Fox-Zisman
plots for each surface and silanation technique is provided as is the degree to which the

linear interpolation for the data fits for each system.
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Figure 7.S: Vacuum OTS silanised Sel cleaned silicon wafer
Figures 7.7 and 713 show contact angle data for solution and vacuum silanised silicon
wafer respectively. It appears that solution silanising the silicon surface decreases the
surface energy more so than for vacuum-silanation, though the difference is small. This

indicates a more complete monolayer coverage of the surface of the silicon by solution
silanation (S-OTS), or the produetion of • less ordered and less densely packed polymer
l.yer on the snrface. of vacnum silanised silicon (V-ars). Snrface energies of bnth
methods are close to the literature values reported for
25-30 mJ/m2

164, 165,

ars monolayers of approximately
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fillll"'S 7.9 and 7.10 reiterate the finding for silicon - that V-ors silanation yields a

surface energy higher than that for the s-ors teclmique. The swface energy value for S-

OTs silica is significantly lower than that for V-OTS

silica, the difference being much

greater than that betw.... V and S-OTS silicoo. This large discn:pancy. particularly the

very low value of Ye fQr lhe 5-OTS silica plate in addition to the large extrapolation range
suggests possible 'light errors in the data.
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Figure 7.11: Fox-Zisman plot tor OHP transparency

~igure

7.11 indicates that the sutface energy of the overhead transparency mm lies close

036 mJ/m2, which is what would be expected from !be literature for PEf209. Note that

he data is more scattered than for the silicon and silica substrates, and is indicated
luantimtively by the lower r2 value than for these substrates.
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7.4. Roughness and Influence of Cleaning Solutions
The roughness of the surfaces used was measured by the AFM to quantitatively establish
a datum for intrinsic roughness, and also to evaluate whether cleaning processes

significantly modified this. A cleaning process was desired which provided both a clean
surface (as indicaled in the case of silica and silicon by a surface which yielded a contact
angle less than 1-2 degrees by water) and which also had minimum alteration on the
intrinsic roughness. Of the several methods evaluated, the ReA cleaning method - in
particular the Sel solution comprising a solution of hydrogen peroxide, ammonia
solution and water in the ratio 1: 1:5 respectively - provided the lowest contact angles
with water, and also showed negligible if any surface roughening. Table 7.4 and 7.5

evince this.

Table 7.4: The effed of 1 hour immersions in various cleaning solutions
on the mean contact angle measured with HPLC grade water.
Substrate

Aqua

As
Received

Regia

Chromic
Acid

ReA
(SCI)

Silicon

Wafer

56.1

Silica
Plate

55.5

OHP
Transparency

66.6

19.9

32.0

2.7

<2

5.0

",2

Table 7.5: The effed of 1 hour immersions in various cleaning solutions
on the measured Ra value (run) for various surfaces (15J1m sean area).
As
Received

HN03

Silicon
Wafer

0.1

2.5

Silica
Plate

0.4

OHP
Transparency

8.6

Substrate

Aqua
Regia

Chromic

Acid

RCA
(SCI)

2.1

1.9

0.1

3.0

0.5
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Figure 7.12: The topography of a representative ESP electronic grade
silicon wafer (100) surface as imaged by the AFM.
A scan was made of a sample of an overhead transparency film to determine its surface
properties. This sample was a fresh sheet with no surface cleaning performed in order to
preserve its surface properties. This is shown in Figure 7.13.

Figure 7.13: Surface of a section of an as-received overhead
transparency (OHP) film.
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7.S. Cantilever Spring Constant Calibration
For each AFM cantilever used, a characteristic calibration was required to determine its
spring constant. This value when multiplied by the tip displacement enabled the

calculation of the applied force and adhesive force interaction between the tip and the
substrateduring the force-distance measurement cycle. Two orthogonal measurements of
a tungsten sphere1s diameter were made using vernier calipers on a x543 video screen.
The average of these was used to calculate the volume of the sphere. Multiplying this by
the density of tungsten (19.25 Mg/m3) yielded the mass of the sphere. This sphere was
then attached to the tip of the AFM cantilever and the resonant frequency of the loaded
cantilever recorded. This was repeated for at least 4 other spheres and a plot of the added
(sphere) mass versu, the inverse of 2n times the resonant frequency (v) of the loaded
cantilever was made. A linear curve fit was applied to this graph, the slope providing the

spring constant of the cantilever. The negative of the ordinate intercept provides the
effective mass of the uu10aded cantilever and is a useful indicator of the credibility of the

curve fit. For the ten cantilevers used in the investigation, the values for spring constant
and resonant frequency are listed in Table 7.6:

Table 7.6: Values of spring constant (k) and resonant
frequency (v) for TESP (W) cantilevers.
Cantilever#
1

2
3
4

5
6
7
8

9
10

Spring Constant (N/m)
20.9
41.5
32.6
18.7
21.9
24.2
18.5
18.8
26.6
30.8

Resonant Frequency (kHz)

247
225
251
215
244
254

243
242
256

258

Values of resonant frequency and spring constant as quoted by Digital Instruments (the
manufacturer of these cantilevers) is 220-280 kHz and 20-100 N/m respectively. Note the
fact that the values obtained experimentally are at the lower end of this range.
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The calibration plots of the cantilevers used predominantly in the experiments are included
in figures 7.14 to 7.19. The linear fit equation for each indicates both the spring constant

and the ordinate intercept. In the majority of cases the curve fits are better than 99%.

y = 20.948x + 34.184 r2 = 0.971
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Figure 7.14: Spring constant (k) calibration curve for 111 silicon TESP(W)
AFM cantilever. Slope of linear curve fit gives valoe of k .
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Figure 7.16: Calibration curve for #6 ,ilicon TESP (W) AFM cantilever.
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Figore 7.19: Calibration curve for #10 silicon TESP (W) AFM cantilever.

7.6. Work of Adhesion Calculations
The AFM was used to calculate the adhesive forces between the tip and a surface. Silicon
substrates either RCA cleaned or illS silanised, and OHP fIlm were used in combination

with either plain silicon tips, silica colloid probes, or tungsten colloid probes. The tips
and colloid probes were surface modified by cleaning in RCA solution. or by a silanation

treatment (vacuum or solution) in ms.

The work of cohesion was detennined for each synnnettical tip/substrate combination by
contact angle analysis using thennodynamic theories and the results juxtaposed with those
calculated for the AFM measurements using the DMT theory. Neck heights as calculated
using Equation 2.18 were less than a few nanometres in the case of silicon tips and

substrates, thus upon Burnham's49 suggestion, the DMf theory was used in the analysis
of the AFM dats. The Dill theory requires the tip radius to be known. Initially the values
purported by Digital Instruments were used for the plain silicon tips (7.5 nm), and the
radii of the colloid probes were calculated from measurements made using vernier calipers
from the videc screen (12.9 }lm). Table 7.7 shows the tip type. treatment, and work of
adhesion using these values. The work of adhesion determined by contact angle theory

(Equation 2.29) is shown also.
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Table 7.7: Works of adhesion from AFM and eontaet sDJlle aDalysis

THEORETICAL WA

TIP TYPE

(WA=2JYtYs (mJ/m2)

v

7800

Si/Si::::: 700

4500
OTS/OTS :::: 50

,.." , ..,,,.. 50:, .-

"
"

'

I

=OTS

I

= Silica Glass

D= Silicon (Oxide)

The work. of adhesion for combinations of high energy surfaces (silicon oxide (Si) and
silica glass (silica» could not be calculated by contact angle techniques because one or

both of the surtaces possesses a surface energy higher than 72 m1/m2. For these
combinations, the values shown rely

OD

values from the literature and are approximate

due to the large variance of values depending upon the source of the data. For silicon
oxide, a value of 325 mI/m2 has been assumed. For silica (glass), the surface energy was

assumed to be approximately the same as that for fused silica (Yc=75-78m1/m2)180.
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7.7. Humidity Effects on Adhesion
Tbe effect of relative humidity (RH) on the measured adhesive force was evaluated by

varying the RH of the environment surrounding the cantilever. DHP nitrogen carrier gas
was fed into a 6 litre vessel which contained approximately 200 mL of a supersaturated
salt solution and the vessel was then hermetically isolated. 30 minutes were permitted to
elapse to facilitate the establishment of equilibrinm inside the vessel. A balloon in the roof

of the vessel was attached to the DHP line and its slow expansion expelled the RH
modified gas into the exit port and into the AFM fluid cell. Approximately 3 litres of RH
modified DHP gas was allowed to pass through the fluid cell before measurements were
made.

If]

(hydrophilic RCA cleaned) and tJ8 (vacuum OTS silanised) silica colloid,

colloid probes (k: 185 and 18.8 Nlm respectively) were used on the equivalent
counterface of silicon to produce hydrophobic and hydrophilic symmetrical pairs. The
first, second, third and tenth force-distance cnrves were recorded. The graph of first pnlloff versus RH is given in Figure 7.20.
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Figure 7.20. 1st pull-off venus relative humidity for hydrophilic
(ReA "eaned) and hydrophobic (OTS coated) tlp/sub.trate combinations
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Errors for this data series were large, in particular the data for the hydrophilic
tiplsubstrates. In fact were error bars to be included, the graph scale would be expanded

such that the gmph would appear almost flat. It was not uncommon for the error range to
exceed the actual value of the data point. What is evident from FIgure 7.W is that
hydrophilic combinations consistently show lower adhesion than do hydrophobic
tip/substrate pairs at low to moderate RH.

FIgures 7.21 and 7.22 graphically depict the results for the second and third pull-offs as a
function of RH. Despite the large errors, certain trends appear consistent for the first,
second and third pull-offs. In each case, the hydrophobic system is relatively insensitive
to the ambient humidity, while the hydrophilic system shows an increasing adhesion with

increasing relative humidity. The lower adhesion of the hydrophilic system is repeated for
the second pull-off, but this effect is not evident for the third pull-off.
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Figure 7.21: Znd pull-off versus relative humidity for hydrophilic
(ReA cleaned) and hydrophobic (OTS coated) tipfsub.trate combinations
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Figure 7.22: 3rd pull.off venus relative humidity for hydrophilic
(ReA cleaned) and hydrophohic (OTS coated) tip/substrate combinations

In Figure 7.20. the relative position of the hydrophilic data line varies with respect to

those of Figures 7.21 and 7.22. This may be explained by chipping of the tip of the AFM

cantilever between tests. increasing the area of interaction. This seems feasible,

particularly since the median adhesive force increases from the second to the third pu11off.
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7.S. Applied Force versus Adhesion
It was noticed that by increasing the force applied to the substrate by the cantilever
(facilitated by allowing the tip to contact the substrate earlier in the expansion regime of

the piezo cycle), the measured adhesion increased. This phenomenon was f01.Uld to hold
true irrespective of which tip or sample was used, and in any environment. Figure 7.Z3

shows a force-distance curve of high applied force superimposed over one of low applied
force to elucidate this visually. The scales of the axes of both graphs are ideutical. The
adhesion peak increases significantly as the applied force increases, as indicated on

Figure 7.'23 by moving right to left
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Figore 7.23: Effed of increasing applied force on measured adhesion.
Applied force increases right to left.
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7.9. Effect of Scan Rate on Measured Adhesion
An important result discovered during experimentation with the AFM was that increasing
the rate at which adhesion measurements were made with the AFM: (scan rate), it was

possible to influence the resultant adhesion force. It was found that in a similar fashion to
increasing the applied force, increasing the scan rate produced a concomitant increase in
measured adhesion. This is shown in Figure 7.24 which superimposes 3 force-distance
curves for scan rates of 0.2, 1, and 5 Hz respectively.
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7.10. Variability of AFM Results
It was frequently found to be impossible to obtain reproducible adbesion measurements

even on adjacent locations of extremely flat, homogeneous silicon wafer with any tip type
or modification. To indicate the degree of error in the AFM pull-off data, ten consecutive

pull-offs were captured for three different locations situated less than 10 microns away
from each other on the same RCA cleaned silicon substrate with a RCA cleaned silicon
tip. under DHP nitrogen. The total time for this experiment was as short as possible, each
test point taking approximately 5 seconds to complete. The magnitude and variance in the

error is shown in Figure 7.25. In two out of the three points, the error actually dwarves
the magnitude of the data average itself.
I

384.43

r
•

Point I

•

Point 2 •

Poinl3

Figure 7.25: Data (given) from 10 consecutive force .. distance curves in 3
adjacent locations on the same piece of silicon wafer under the same
imposed conditions showing massive degree of error.
This result was not as pronounced when using the OHP substrate where errors were

found to be of markedly smaller magnitude - 20% or less for colloid probe tips, and
approximately 40% for ,sharp tips, thus indicating possible tip damage by the harder
silicon sobstrate snrface, particularly for the more fragile sharp (plain) tips.
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8.
DISCUSSION
PART!:
8.1. PAINT ADHESION STUDIES
From the results many questions arise, however three questions of primary significance
can be formulated which summate the most significant findings of the study:

1. Why is there a big difference between black and white polyester pulloff
values ?
2. Why does the locus of failure occur in the topcoat for polyester
systems
and in the primer for nuorocarbon systems ?

3. Wby are the coating systems predominantly unaffected by long term
exposure to a hot/wet environment ?

These three points are discussed in the subsequent sections. The discussion of these three
points is hampered by the understandable reluctance of the paint suppliers to divulge

specific details regarding their paint and primer compositions. However limited
information is available, such as the matrices of the polyester paints being composed of a

polyester, PVF2/polyester in the case of the fluorocarbon paint, and that of the two
primers being composed of an epoxy, and the predominant pigment in the white paints
being titanium dioxide. Educated assumptions are able to be made in several instances
where information is lacking, permitting reasonable discussion of results. Where
information has been assumed, this is clearly pointed out.
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8.1.1. Cohesive Strength Disparity In Polyester Paints
The solution to the first problem appears to be a very straightforward proposition. The
two polyester topcoated systems are nominally the same since they were prepared from
the same base metal, both systems sharing the same cleaning, pretreatment and priming
operations. Thus up to the primer (inclusive), these systems are identical and any
variation in petformance will be due to idiosyncracies in the cohesive or adhesive

attributes of the topcoat used. This is exactly what was found to occur experimentallyboth TYPE2 (polyester 1opcoated) systems exhibiting cohesive failure within the topcoat,
with measured pull-off forces (topcoat cohesive strengths) varying significantly between
the two paints. The polyester paints are prepared from the same polyester base, and only

differ in the amount and type of pigmentation. As mentioned in the literature, higher
degrees of pigmentation is required to produce the required "hiding fl predilection of
lighter colours (ortanes as is the case here) as opposed. to darker ones. The morphology
of these pigment particles may also be differen~ as may he the degree to which they are

wet by the polyester matrix. These factors would be expected to influence the cohesive

strength of the paint, as appeared evident in the results of section 7.lA.

Experimental determination of the P:B ratio for the black and white polyester paints

showed a large difference; 0.09 and 1.02 respectively (mass fraction). Assuming a
density of 1 for the polyester base material, this corresponds to pigment volume
concentrations (PVC) of approximately 8.5% for the (carbon) black and 19.5% for the
(Ti~)

white polyester paints. Higher degrees of pigmentation in a paint will dilute the

matrix volume fraction, reducing the amount of media responsible for providing the
cohesive strength of the paint Pigments have a non-linear volume percentage effect on
the tensile (and thus cohesive) strength of a coating. Typically, the tensile strength of a
coating increases with the pigment volume concenttation of the dry film (PVC) due to the

reinforcing effect of the pigment particles up to a maximum at the critical pigment volume
concentration (CPVC). Above the CPVC void formation begins to occur in interstices
betwixt the pigment particles and strength begins to decrease98. It is possible that the P:B
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ratio of the white polyester paint is above the CPVC and of a lower tensile strength than
the black polyester paint, though no evidence could be found of this in the SEM

micrographs of the fracture surfaces, hence this does not appear to be the cause.

Where the adhesion between the pigment particles and the matrix is low, and/or in
instances where wetting of the pigment by the binder is poor. pigment particles can

instigate coating failure through crack initiation at the matrix/pigment interface. The
pigment particles will be pulled out from the matrix under loads much lower than the

cohesive strength of the binder alone. This will produce a fracture surface characterised
by smooth-sided pits in a typically rough fracture plane. This appears evident in the SEM

micrograph of Figure 7.2 where smooth-sided craters are quite abundant, as are nicely
spherical beads which are apparently the pigment particles which have remained on the
fracture surface after being pulled out. Also the essentially monodisperse size distribution
of the pigments evident in this SEM would offer lesser strengthening advantages than
would with the polydisperse pigment makeup of the black polyester in Figure 7.3. These

effects may account in part for the lower observed cohesive strength of the white
polyester paint.

If the pigment particles are of lower cohesive strength than the matrix, intra-pigment

cracking may initiate a crack which can spread to the matrix and shear through adjacent
pigment particles at much reduced loads than for the matrix alone. No sheared pigment
particles can be seen in either Figures 7.2 and 7.3 thus it appears that this mechanism
does not influence the cohesive properties of the polyester paint systems.

Agglomemtion of pigment particles could also explain lower cohesive strength in paints
which have a higher degree of pigmentation. As the volume fraction of pigments
increases, surface, tension and immiscibility in the binder tends to draw like particles
together. At higher P:B ratios pigment particles are in closer proximity to each other, thus
the degree of interaction will increase. Large agglomerates can form, depleting the bulk
binder of pigment. When applied to a surface, these agglomerates emulate localised
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voids. They may be attracted to the underlying primer layer, resulting in an increase in the
incidence of topcoat/primer adhesive failure. Where such attraction of agglomerates to the
primer/topcoat interface does not occur, the resultant degree of cohesive failure within the
paint would be expected to increase. No evidence could be found of such agglomerates,
and would most likely not occur due 10 the high degree of milling performed by the paint

manufacturers.

The morphology of the pigment particles added 10 a paint may also affect its strength.
Spherical pigments provide lowest stress concentration, but do not enhance water

resistance. Lamellar pigments such as metallic flake help to increase the effective distance
a water molecule has

to

travel to reach the substrate. However, their acicular nature

creates large stress concentrations at their apex which may act as crack initiation sites
under relatively low applied loads. Because the two known pigments in both paints (Ti02
and carbon black) are approximately spherical, this does not appear relevant to these

systems. The two images of Figures 7.2 and 7.3 show no evidence of any acicular
pigment addition, so this effect appears negligible at most

8.1.2.Snmmary
Therefore it appears that the main reasons underlying the cohesive strength disparity
between the two polyester paints is the morphology of the different pigment types and
degree to which these pigments adhere to the polyester matrix. SEM analysis suggests the
latter to be the major cause of low cohesive strength in the white polyester.
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8.1.3. Failure Loci Variation - Topcoat versus Primer
Pull-off testing of TYPE 1 coating systems produced cohesive failures within the

primers, in contrast

to

the cohesive topcoat failures observed with TYPE 2 coating

systems. The difference must either be due to a higher cohesive strength of the
fluorocarbon topcoat with respect to the polyester topcoat. or due to a lower cohesive

strength of the Primer A with respect to the Primer B. In the latter case, the difference in
cohesive strength may be due to differences in primer composition or thickness.

The BHP TYPE 1 study facilitates the examination of different coating combinations on

the resultant coating cohesive strength. This work involved a study of two equivalent
repetitions oflbe "Lab" produced samples, 1130-1 (TYPE I) and 1130-9 (TYPE 2); and
most importantly two variations on these - samples 1130-8 (TYPE 1 PVF2 topcoat on
25,um Ptimer B), and 1130-1Q (TYPE 1 system with 5,um Ptimer A), The former two are

useful in detennining the degree to which the two separate experiments corroborate each
other> whilst the latter two samples facilitate the immediate narrowing of the range of
variables in the analysis of the results. Sample 113()'8 enables the juxtaposition of the
effects of different prime.... at the same lhickness ou the type of bond failure and bond
strengths. 1130-10 permits the investigation of the effect of primer thickness on

effective bond strength, The coating properties of these four panels, and the equivalent

"Lab" produced panels are summarised in table 8.1, and the pull-off results for the four
TYPE 1 panels are shown in Figures 8, 1 and 8,2:

Table 8.1: Coating layer constituents of selected Colorbond panels.
Sample

Primer
Type

Primer Thickness T1P,coat Topcoat Thickness
(pm)
(pm)
ype

Ptimer A
1130-1
Lab TYPE 1 Primer A

25
17-18

PVF2
PVF2

20
20

1130-9
PrimerB
Lab TYPE 2. Ptimer B

5
5

Polyester
Polyester

20
20

1130-8
1130-10

25
5

PVF2
PVF2

20
20

PtimerB
PtimerA
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Figure. 8.1 and 8.2: Pull·off forces for BHP produced panels in
ambient and wet environments.
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The pull-off values of 1130-1 (TYPE 1) shown above in Figures 8.1 and 8.2 and the
values for the Coral White and Red TYPE 1 samples in corresponding "ambient" and

"wet" environments (Figure 7. la) are very close (250-300 N). This is also the case for
sample 1130-9 (TYPE 2) and the black polyester sample of Figure 7.1. (250-350 N).
Also, the modes of failure and amount of pick-off for all of these samples are generally

identical. with the exception of sample 1130-9 where the adhesive was not strong enough
in most cases to show this. Because of these correlations, it is reasonable to assume that
the two separate experiments described in sections 6.1A and 6.1B reinforce each other

and do show equivalence.

Figures 8.1 and 8.2 contain expurgated data from Figs 7.6a and 7.6b. They show clearly
the relationship between the four combinations of primer and topcoat and effect of primer

thickness. The effect of these two variables is discussed in the following sections.

8.1.3.1.Primer Thickness
The effect of reducing the thickness of the primer is to decrease the strength of the

coating. This holds true for both environments where the green line representing sample
1130-10 attains a significantly lower bond strength than the black line of 1130-1. This
effect would be the opposite of what would be expected from previous wort95, 96 where
it has been shown that reducing the underlying primer thickness to a limiting value leads

to a higher bond strength through the reduction of "cured in" stresses.
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8.1.3.2. Primer Type
The effect of primer type on cohesive strength can be found by comparing 1130-1

(standard TYPE 1 formulation) and 1130-8 (same as TYPE 1. but Primer A switched for

Primer B). These systems pennit the evaluation of the strength of the coating in relation to
the type of primer used. Both samples utilise the same topcoat system and thickness, and
the thickness cl the primer layer is nominally equivalent. The difference between the two
samples is only the primer formulation - Primer A versus Primer B. Using Primer B

(1130-8) instead of Primer A (1130-1) produces a dramatic increase in initial adhesion.
The reason for this increase is difficult to ascertain as the different systems evinced

different failure modes: cohesive failure for Primer A, and mainly interfacial
(primer/topcoat) failure for Primer B. However. the bigher pull-off force and change of
failure locus suggest that the Primer B has a bigher cohesive strength than the Primer A.

8.1.4. Summary
The two findings of this section are that a thinner primer layer and the use of Primer B
over Primer A appears to encourage higher pull-off strengths.
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8.1.5. Environmental Ageing of Coating Systems
Appreciable decreases in the measured pull-off force concomitant with increasing
exposure time when failure remains within the same coating layer indicates that

degradation of that coating layer is occurring. Changes in the mode and/or locus of failure
indicates degradation processes occurring in one (or more) layer of the coating (or less
likely, the strengthening of a layer).

It is interesting to note that the large initial adhesion degradation of the white polyester
with respect to the black polyester as shown in the pull-off tests (Figure 7.1a) is not
reiterated in the T-bend tests. In both cracking (Figure 7.5a) and pull-off (tape) tests
(Figure 7.5b), the two systems produced almost coincident data. This disparity only

serves to highlight the importance of performing several different tests to evaluate

performance of a coating in a specific environment.

8.1.5.1. Performance of Polyester Topcoated Systems
From all the results of section 1 of this study. it appears that systems which were coated
with polyester paints (with the exception of the TYPE 2 white polyester) are immune to

environmental degradation, as indicated by the lack of variance in the pull-off values, and
T -bend results (both pick-off and adhesion). Even the results for the non-standard
polyester coated systems of part 1B (samples 1130-9, 11, and 12) showed no appreciable
degradation of the coating system, rather the results highlighted the poor adbesion of the

adhesive to the surface.

Unlike the fluorocarbon topcoated systems, the mode of failure in polyester coated
systems which exhibited any coating failure, remained wholly cohesive within the
topcoat. This remained the case irrespective of exposure duration. Also, the amount of

material pulled off the surface of the polyester paints was almost always close to 100% of
the stud area, and this remained true from the beginning to the conclusion of the tests.
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The two previous paragraphs summarise the results for the two adhesion test methods.
Such imperviousness of the polyester topooated coating to environmental degradation was

not expected. Aside from chanses in the mode or locus of failure, moisture plasticisation
in the wet environment and stress relaxation in the elevated temperature environments
(note 5O"C is above the Tg of the polyester) should have occurred during ageing of the
polyester systems. These processes produced no measurable change in the cohesive
properties of the topcoat as determined by the pull-off and T -bend tests. The effects of
these processes therefore must have been too small to detect

8.1.5.2. Performance ofPVF2 Topcoated Systems· Failure Mode
Unlike the polyester coated panels, some environmental degradation was found to occur
for panels topcoated with l1uorocarbon paints. In all cases, no failure occurred within the
topcoat itself, attesting to the durability of the l1uorocarbon paint used. Instead the failure

tended initially to be cohesive within the primer, with some degradation occurring after
exposure.

Although in most cases it was difficult to discern the degradation from the pull-off forces

because of only minor variation in the actual values, the pull-off test showed variation in
either or both the mode and locus of failure. In particular, the samples 1130-3, 4, and 7

displayed variations in the locus and mode of failure from 100% cohesive failure in the
primer to partly adhesive failure between the primer and substrate when exposed to the

hot/wet environment. The reverse occurred for sample 1130-5 in the ambient
environment, where the primer appeared to degrade upon exposure. It is interesting that
sample 1130-7 showed such degradation, because it contains the highest chromate level
of all the primer variations examined (10% to the typica14.9%). The amount of interfacial

failure progressive!y increased in this sample upon exposure to the hot/wet environment,
accounting for almost 20% of the failure after approximately two months exposure. This

may indicate an optimum level of chromate in the primer for which interfacial degradation

between the primer and underlying metal substrate is prevented, or suppressed within the

134
time frame of this experiment. Due to the corporate secrecy policy, the samples 1130-3

and 4 cannot be explained other than the nOD-chromate pigments "8" and "Cl appear to
be deleterious to the degradation performance of the Primer A.

8.1.5.3. Performance of PVFZ Topcoated SystelJli - Adhe!im

Strengdt
The results for panels 1130-1,2,6, 10 and 12 showed no change in mode of failure even

after 56 days of exposure to any of the two environments studied. These coatings did

however show slight decreases in adhesive strength for samples exposed to the hotlhumid
environment, as would intuitively be expected. This latter observation can also be said for
samples 1130-3,4,5,7,8,9, and 11. However it is these seven coatings which are of
particular interest due to their concomitant change in mode of failure.

Two other features of Figures 7.6a and 7.6b are worthy of noting. Firstly, with the
exception of 1130-1 and 6, all samples exposed to ambient conditions showed a
notioeable increase in pull-off strength from day I to day 2, but after this, the pull-off

strengths became essentially constant. Secondly. of the samples exposed to the wet
environment, day 1 brought on a decrease in strength. This decrease was somewhat
recovered by day 2 for samples 1130-1,2,6,7,8, and 10, while samples 1130-3,4,5,9,
and 12 continued to show decreasing strength until day 12. After these two days

respectively the pull-off values tended to become more stable with the exception of
samples 1130-5 and 9 which showed a dramatic increase in pull-off strength for day 56,
and 1130-8 for which the pull-off strength decayed markedly from day 12 to 56. These

two observations are explained as succinctly as possible in subsequent sections.
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8.1.5.3.1. Coatings 1130-3,4 & 7
These three coatings all show a shift in the loci of failure from cohesive failure within the
primer layer to an increasing amount of adhesive failure between the primer and substrate
only when exposed to the wet environment. For samples 1130-3 and 4, this takes
somewhere between I and 5 days to become apparent, whereas for sample 1130-7, this

occurs on the first day of exposure to the wet environment. The three samples have the
same PVF2 topcoat, but each use different primer formulations, 1130-7 being a highchromate Primer A derivative. The primers used on 1130-3 and 4 are essentially the same

with only minor non-chromate modifications to the nominal Primer A pigmentation. No
difference is evident in the fracture surfaces of the three samples - each exhibiting

approximately the same percentage of exposed substmte once adhesive failure became
apparent between the primer and substrate. The recorded pull-off strengths for these three

systems are also quite similar between the three samples in both environments. Therefore
it can be concluded 1l1at the modifications made 10 Primer A for these three systems has an
insignificant relative effect on the bond strength, mode of failure and durability of these
systems. Most importantly it shows equivalent service performance and durability can be
achieved through the use of a primer which has a significantly lower chromate level than
the 10% er conrent of 1130-7.

8.1.5.3.2.1130-5
This sample exhibits a positive response to ageing in ambient conditions. the degree of

interfacial failure at the primerlsubstrate decreasing at the expense of increasing primer
cohesive failure. This may indicate a strengthening of the primer/interface bonds through
diffusion bonding taking place somewhere between days 1 and 5. This is likely to be

small due to the limited motion of the primer molecules at ambient temperatures.
However, it maY,be sufficient to cause the type of failure to become predominantly
(>60%) cohesive. This is accompanied by a slight monotonic increase in bond strength
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over the duration of the test period. This latter observation is overshadowed by the fact
that this is true for most of the other 11 samples too.

In the more severe environment,

1130~5

exhibited continued adhesive failure at the

primer/subslrate interface. With the exception of day 56, a hyperbolic pattern of adhesive
strength decay occurred. The amount of pick-off displayed the opposite trend of that of

the pull-off force and decreased with exposure. Day 56 is an enigma, with no explanation

available for this anomaly in its behaviour.

8.1.5.3.3.1130-8
This sample displayed schizophrenic behaviour in both environments, varying its mode
of failure several times. In both environments, the failure was often partly a result of the
adhesive not sticking to its surface. or the stud to stick

to

the adhesive itself. This

suggests a strongly adherent coating with no apparent weak link. This statement is
supported by the fact that this system displayed some of the highest pull-off strengths in
both environments. Adhesive failure occurred frequently between the topcoat and primer
to varying degrees,

particularly in the wet environment where this failure almost doubled

in amount to become the most predominant mode of failure after the first day of exposure.
This caused appreciable bond decay in the wet environment after the first day relative to
other coating systems. The results for day 56 are very unusual for the wet environment
with a the complete change in failure mode and site. After apparent worsening of the bond
between the topcoat and primer to day 12 where this accounted for almost 95% of the

failure, it suddenly recovers and for day 56 100% of failure occurs in the lack of adhesion
of the adhesive itself.

This formulation appears to be superior to any other tested as even allowing for a large

.

initial adhesion decay, it still provided excellent adhesion. The results of the tests suggest
that although this system shows extremely good adhesion and cohesion of the coating in
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general, its Achilles heel lies in the degree and stability of the bonding of the PVF2
topcoat to the underlying Primer B.

8.1.5.3.4.1130-9
1130-9 shows similarly high initial adhesion as 1130-8 with similar adhesion decay

problems. Under ambient conditions it is the adhesive itself which is the weakest link in
the test setup and it typically fails to pull any of the coating layers off. Only 9% of the
topcoat layer failed cohesively and only on a single occasion. Under more harsh

conditions however. the locus of failure moves towards the substrate, initially showing
about half cohesive failure of the topcoat. While the degree of adhesive failure of the

cyanoacrylate adhesive remains high, increasing amounts of adhesive failure at first
between the topcoat and primer, then finally some primerlsubstrate failure becomes
apparent. In both environments, the adhesion strength actually increased vastly for day

56, an occurrence which was an isolated incidence for the ambient environment This
may be a result of experimental error, or possibly better wetting of the adhesive

to

the

surface of the sample after ageing in both environments. It cannot be a similar

phenomenon to that of 1130-5 in the ambient environment despite the fact that their last
two pull-off values are uncannily alike, due to the very different mode and locus of failure
of these two systems.

8.1.5.3.5.1130-11
1130-11 has the same primer type as 1130-9. These two systems both have polyester
topcoats, but of different formulations. The mode of failure for these two paints Was the

same in the ambient environment - failure of the adhesive to bond to the topcoat, and
failure modes for both were only slightly different in the wet environment

1130-11 exhibits erratic behaviour in terms of mode of failure. This is reflected in Figure
7.6b for the pull-off values. It appears initially that degradation of adhesion of the coating
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is progressing steadily and the mode of failure moves towards the substrate. After one
day of exposure. the amount of adhesive/topcoat failure begins to increase at the expense

of other modes of failure. It increases to account for approximately 30% of the failure at
day 56. However day 56 shows a sudden decrease in other forms of pull-off, most

significantly adhesive failure between the primer and topcoat which had accounted for
83% of the pull-off at day 12. No pull-off of any of the coating occurred for day 56. This

result is similar to both 1130-8 and 9 where a sudden change in mode of failure occurred
from what was apparently a consistent degradation of coating adhesion. This
phenomenon is interesting as these three systems (1130-8,9 and 11) share the Primer B,

and each exhibits a sudden and inexplicable failure mode change upon testing after 56
days exposure in both wet and ambient environments. Thus it would appear that some
process has occurred which has vastly improved the cohesive strength of the Primer B
and its adhesion to both the topcoats and substrate since 12 days of eXJXlsure. This may

be the result of continued post-curing which leads

to

improVed rigidity of the primer

layer.1t also indicates that while this primer initially shows some degradation in strength

and poor adhesion between it and the PVF2 coating, both these deficiencies are rectified
after prolonged exposure even in severe environments. This would make it an ideal
candidate for use in situations where the prevailing conditions are quite severe. No longterm data is available for these systems,

so that it is possible that they may show a rapid

or significant decrease in coating adhesion after the denouement of this experiment by
another mechanism such as corrosive undercutting of the primer layer, which would
negate any benefits from those found in this experiment.
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8.1.5.4. T-Bend Testing ofPVF2 Topcoated Systems
The T-bend results for the 'lab' produced panels typically showed the high degree of

durability of these systems to environmental degradation. However, the white
fluorocarbon paint proved an exception to this. The following two sections discuss the
results from the two different sources of infonnation from the T -Bend test method cracking resistance and adhesion.

8.1.5.5. T -Bend Testing - Crack Resistance
Figure 7.Sa in the results section contains the T -bend tests for cracking resistance.
Immediately apparent is the divergence of the dotted azure line from the cluster of basal

lines. This is also the case, but much less pronounced for the dashed black line. These

two lines represent the cracking resistance data for the white fluorocarbon paint when
aged in the "Wet" and "Dry" environments respectively. Whilst these two environments
produced a rapid degradation in the cracking resistance of the white fluorocarbon paint,
the T -value for cracking resistance remained fairly consistent for white fluorocarbon paint

exposed to an ambient environment irrespective of the duration of exposure. These three
results indicate that this paint is sensitive to increased ageing temperature, and more so
when in conjunction with an elevated relative humidity. Such exclusive sensitivity to
cracking in severe environments points to a formulation-specific factor or the synergism
of multiple factors responsible for such behaviour in a manner analogous to the unique
behaviour of white polyester paint in the pull-off tests. Because the paint system which
shares the same substrate up to the topcoat layer - in this instance the red fluorocarbon
paint - behaves very differently to the white fluorocarbon paint and mimics the results of
the two polyester paint systems, the cracking sensitivity of the white fluorocarbon paint is
most likely a result of the unique type of pigment psrticles and/or degree of pigmentation.
Degrees of pigmentation above the PVC for which the maximum tensile strength occurs
would tend to 'reduce the cohesive strength of the paint, increasing the minimum radius
around which it can be bent before it fractures. Lower strength pigments or pigments
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which adhere to the matrix poorly would also promote cracking under tensile loads
applied during bending.

Both red and white fluorocarbon paints possess similar degrees of pigmentation - 12.5
and 16.9 percent by mass respectively. Were it only the degree of pigmentation

responsible, it would be expected that the red fluorocarbon system would exhibit the
same temperature and humidity sensitivity, if only to a lesser degree. This is not the case
and red fluorocarbon exhibits exemplary cracking resistance for the duration of the resting

in all environments. It seems logical then that it is most likely a consequence of the type
and morphology of the pigments which imparts the poor cracking properties of this paint.

Both white polyester and white fluorocarbon share a common pigment - titanium dioxide.
This pigment gives the paints their opacity and whiteness and is the predominant pigment
in these two paints. The degree of pigmentation of the whire polyesrer is approximately
twice that of the whirefluorocarbon paint by mass (1.02 to 0.45 respectively). It appears
that the PVC of the polyesrer paint lies closer to the optimum Ti02 PVC for rensile

strength and hence minimum bending diameter than that of the white fluorocarboD. This
may be a result of the poorer adhesion and/or wetting between the Ti02 and the
PVFz/acrylic matrix leading 10 crack initiation around the pigment particles.

Another factor in the poor degradation performance of the white fluorocarbon is the
possibility of cured in residual stresses from rapid curing operations which induce tensile
stresses within the coating at ambient temperatures. These would encourage cracking
under even moderare rensile loads. Pure poly(vinylidene fluoride) (PVF2l a crystalline
polymer, has been shown 10 have a Tg of approximarely -46"C21O to _5O"C 21l . This is
raised by the addition ofPMMA, a polymer with a Tg ofappreximarely IOS"C. Ata ratio
of70:30 PVF2' PMMA , the Tg of this blend will be around amhient remperatures, and the
blend will be amorphous21O-212. The polyesrer used in the topcoat syslEms of TYPE 1 is

known to have a Tg "less than that of PMMA·, thus at ambient temperatures, the blend
used in the topcoat formulations of TYPE 1 will be above its Tg. This has important
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ramifications for the two fluorocarbon systems studied. as at ambient temperatures any

cured in stresses should be relaxed, especially after extended periods of time.
Consequently it is obvious that there should be no cured in stresses within the topcoat.

The statement that such stresses do not account for any difference in cracking resistance
between the red and white fluorocarbon paints is also reinforced by the fact that both
fluorocarbon paint colours show vastly different cracking performance even though they
share approximately equivalent solvent levels (Table 7.1). Although both are relatively
high (required for increasing paint coating smoothness and hence gloss level. an inherent
limitation offluorocarbon paints), if one colour showed an increase in cured in stress

leading to coating cracking during T -testing. it should be repeated in the other colour too.
In addition, such stresses would tend to be relieved during exposure

to

elevated

temperatures - precisely the conditions which exacerbate the cracking propensity of the

white fluorocarbon paint system.

The only other conclusions able to be drawn from Figure 7.Sa is the similarity and

consistency betwixt the other three paint systems with respect to forming properties in all
three environments, though a slight superiority can be discerned for paint systems of

higher P:B ratio topcoats. which evince marginally lower T-bend radii. Thus it seems that
even though the two paint systems failed at different loci (as shown by the tape test). the
cracking resistance of the paints themselves is independent of the primer type and

thickness. and ultimately appear to be dominated by the type of pigments incorporated in
the topcoat.
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8.1.5.6. T-Bend Testing - Coating Adhesion (Tape Test)
In contrast to its poor performance in the cracking test, the adhesion of the white

fiuorocarbon coating remained high and the T -bend values obtained during the pick-off Tbend tests (tape test) remained rather low. Therefore it appears that although the paint is

susceptible to cracking, it adheres tenaciously to the primer once cracked, affording some
prorection to the areas covered by adhering islands of the cracked topcoat. This points to

the embrittlement of this paint when exposed to severe environments.

The tape test replicated the results of the stud-tests, with the polyester systems failing
cohesively in the topcoat, the fluorocarbon systems in the primer. Once again, both

polyesters show paint cohesive strengths lower than the adhesive strength of the paint to
the primer, and both fiuorocarbons exhibit higher paint/primer adhesion than primer

cohesive strength. In terms of relative performance. the fluorocarbon systems excel at
adhering during forming, the white polyester sbowing lower adhesion by approximately
1 to 2 T-bend radii, the black polyester faring worst of all paint systems. This is an

unusual result as in every other test the black polyester is comparative to, or better than
any other paint system. A possible explanation for such unusual results may be that the

adhesion test was very subjective and the black colour was much easier to resolve on the
tape than for the white colour. Even minute quantities of the black paint could be easily

seen, whereas it was more difficult in the case of the white paint
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PART 2:
8.2. AFM Studies
The aim of these studies was to attempt to obtain agreement between work of adhesion

values measured using AFM techniques and more traditional contact angle (surface
energy) analysis.

Two main problems were encountered using uncoated silicon swfaces and tips or
uncoated silica colloid probes. Firstly, it is impossible to evaluate the surface energy of

substrates which are wet by water via the Fox-Zisman technique. The surface energy of
these surfaces after ReA cleaning could be determined only as lying within the range
72.810 485 mJ/m2 - the surface tension values of water and mercury. In these instances,

the literature values were used, but are only approximate at best and vary widely

depending on the source of the data. This limited the precision available when comparing
the work of adhesion or cohesion values calculated from the AFM" force-distance curve
dala and the contact angle dala. Secondly. due to the obvious impossibility of mainlaining
cleanliness in the prevailing conditions in which the AFM is maintained (ambient, noncleanroom), itis inevitable that some degree of organic and/or dust contamination would

occur irrespective of the time taken to place the sample and tip into the AFM and eSlablish
environmental isolation around the tip and sample. Thus it can be expected that the higher
the surface energy of a surface, the more attractive it will be to airborne contaminants, and
as such the surfaces of ReA cleaned tungsten, silicon and silica would be veritable
magnets for such substances. This would then make it extremely difficult to ascertain the
in-situ surface energy of a cleaned, high surface energy AFM sample as the rate at which
the surface energy of a cleaned surface is reduced by adsorption of organics is unknown.
Some theoretical estimates have attempted to quantify the effect of such contamination,
suggesting possible reductions in measured work of adhesion or cohesion of up to 50%

for thin hydrocarbon conlaminant layers2\3. For these two reasons it is concluded that the
AFM when used in-situ and not in conjunction with an ultra-high vacuum system (UHV)
is more suited to low-energy surfaces for which the percentage reduction (or increase) in
surface energy by adsorbed contaminants is relatively less. The surface energies of OTS-
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coated silica and silicon are rather low and of the same magnitude as the as-received
(contaminated) sunaces of the substrates and thus any alteration in the work of adhesion
or surface energy as determined from AFM measurements would be minimal.

A third problem encountered using the AFM with high energy swfaces was that these
tended to be brittle. and tip blunting and chipping of either or both the tip and substrate

often occurred during measurements (Figure 8.3). This invalidated the tip radii

assumptions made and hence often produced incongruous surface energy and work of
adhesion and cohesion values because the DMT theory necessitates that the area of
interaction between the two counterfaces is defined.

Figure 6.3: SEM image of a bluntened smeon TESP(W) AFM tip.
The work: of cohesion results of Table 7.7 show large differences between empirical and
theoretical values. This was not expected and attempts were made to determine why this

occurred. It was noticed that the two values were often different by orders of magnitude,

especially when sharp tips were used. SEM investigation of the contact regions of the as
received tips used in theAFM studies revealed tip radii that were typically quite different

from that quoted by Digital Instruments, and even the colloids bonded onto the
cantilevers showed significant roughness under high-power magnification. The radii were
re-measured for each tip used in the study. and Table 7.7 was reproduced using these

values. This is shown in Table 8.2. These results show a much improved correlation
between the two methods used. In psrticular. the arS/OTS system showed excellent
agreement especially when a colloid probe was used. The values of the tip radii were
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approximately 13.5 }lm for the colloid probes and approximately (but always at a

minimum 0.0 500 nm for the "sharpll tips.
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Table 8.Z: Work of adhesion values determined uslns AFM
data (tip radii a. measured by SEM) and thermodynamic calculations.

THEORETICAL WA
(WA='4YtYs (mJ/m2)

AFMWA
(mJ/m2)

230

Si/Si:::: 700

TIP TYPE

~

,

70
OTS/OTS :::: 50
50
OTS/Si::::: 180

29

Silica/Si:::: 255

11

,

8

Silica/Silica::::: 95

15

,

OTS/OHP:::::60
60
Si/OHP:::: 225

40

Silica/OHP:::: 85

20

I

=OTS

I

= SiJica Glass

v
I

= Silicon (Oxide)
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There is still some disagreement between the two methods of calculation, however this is
generally within an order of magnitude. Such error may be accounted for by experimental
error, and also the fact that the resolution of the SEM was not high enough to resolve
sharply the tip boundaties at high magnification due to the use of tungsten filaments. This

resulted in tip radii being only approximate, and may be a factor of two incorrect The use
of LaB6 filaments would help improve resolution and enable more precise definition of
tip profiles.

Tbe only significant variation between the theoretical and experimental values in Table 8.2

occurs for the silica colloid, where the AFM generated work of adhesion was consistently
smaller than the theoretical estimate (4-20 times). This result suggests that the assumption
of surface energy for the silica glass may be too high, or more probably, contact between

the colloid and substrate occurred at an asperity much smaller in diameter than the
assumed colloid radius.

Alley and coworkers ll measured the adhesion forces for several combinations of
hydrophobic (OTS coated) and hydrophilic plain (non-colloid probe) silicon tips on
hydrophilic (ReA cleaned) silicon substrates. Manipulating this force data with the DMT
theory to give a work of adhesion, the ReA cleaned silicon tip on a ReA cleaned silicon
substrate produces a work of adhesion of 220 mJ/m 2 . This value is extremely close to the
value of 230 mJ/m 2 found experimentally in this study. For the case of an OTS silanised
tip on an ReA cleaned silicon surface, Alley et al found a WOlk of adhesion of 38 mJ/m2 .
Again this is a very close correlation with the value shown in Table 8.2 (29 mJ/m2 ).

The stresses applied to the tip and substrate during testing varied, but were found to be
very large, especially in the case of sharp tips. The force applied by a ReA cleaned
silicon tip (k=21 N/m, tip apex diameter = 75 run) to aReA cleaned silicon substrate was

detetmined for the low, medium and high applied force regimes of the force-distance
cW"Ve by extrapolating the tip deflection to the point of maximum piezo extension (highest
force applied during cycle) and multiplying this value by the spring constant. Using
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Hertz's theory for elastic deformation, the approximate stresses applied during testing
were calculated from:

(8.1)

where P(O) is the pressure at the centre of the contact area, K is defined by Equation
2.11. and a is defined in Equation 2.10. An equivalent experiment was perfonned for a
RCA cleaned silica colloid probe (10=18.5 Nlm, tip diameter = 13.4 I'm) on a RCA
cleaned silica substrate. The values of both tests are summarised in Table 8.3.

Table 8.3: Calculated values of applied stress (GPa) during force·distance
measurements by a sharp silicon tip (diameter 7S nm) and a silica
colloid probe (diameter 13.4 I'm) on equivalent surfaces
Tip/Substrate
Silicon Tip
Silica Colloid Probe

Low
1

om

Medium

Higb

2
0.04

5
0.1

By imposing even moderate piezo extensions at close range, or by using stiff cantilevers,

it is possible to exceed the theoretical fracture strength of silicon or silica (corresponding
to approximately 1l1Oth the Young's modulus, E). This only requires a stress of around

11 GPa for silicon, and 9 GPa for silica20S. Above this, unstable crack growth can occur

at a defect. This would then produce chipping and exfoliation of fragments from the tip
and also from the surface. This problem would be more pronounced during "stickslipping" of the tip along the surfaco of the subslrate where sudden motion of the tip

would impact the loaded tip into surface irregularities and further increase instantaneous
applied load, making it more likely that chipping will occur.

In addition to the large applied loads, the high modulus of the materials in the tip and

substrate would mean that contact between the two counterfaces would occur at surface
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asperities only. These may be very small and under low loads would be the only regions
in contact. This has dire implications for quantitative thermodynamic measurements on
such surfaces using the AFM as even microscopic radii determination would at best be

approximate and may in fact be several orders of magnitude too large. This indeed was
what was found in the results, where the work of adhesion of silicon tips on silicon
surfaces and OTS modified symmetrical pairs of silicon, was sometimes inexplicably
several orders of magnitude larger than what would be expected from the contact angle
measurements and literature values. Schaefer et al213 , perplexed by similar discrepancies
between experimental and theoretical values of adhesion, evaluated the radii of

microscopic asperities on the surlaces of the colloid and replaced these in Equation 2. 14b.
By such means they reduced the discrepancy between the theoretical and AFM-derived
work of adhesion from a factor of -50 to a factor of 3-4. After SEM evaluation of the tips
used in the current investigation it was noted that in most cases the tips had been
bluntened, increasing the apparent diameter at the presumed point of contact by several
orders of magnitude. This latter point is of importance too. As the tip is bluntened, the
actual point of contact becomes more difficult to determine as the possible surface of
interaction becomes significantly larger. and it is not possible to pinpoint the place at
which tip/sample contact will occur. in part because of the 15° inclination of the tip with
respect to the substrate in the ArM, and also the attitude of the substrate with respect to

the top level of the piezo head (ie the parallelism of the facets of the substrate). Also
scanner non-linearities would influence the attitude of the substrate to the tip at the point

of contact Another feature revealed by SEM analysis of the silicon AFM tips was that the
quoted values of tip radii were found to be rather boastful, in most cases not even

approaching the 7.5 run published in the data sheets. Virgin tips were commonly found

to

have radii in the order of hundreds of nanometres, and even microns. This highlights the

fact that it is imperative to individually quantify every aspect of the tips used in AFM
analysis, and that using figures spouted by manufacturers will almost certainly yield
spurious results, and any correlation with literature datum may be credited to fortuity
alone.
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Thus another limitation of the AFM is revealed - that is for combinations of high modulus

tip and substrates, anomalous values of work of adhesion may be obtained due to errors
in the determination of the radius of the area of contact Because of tip bluntening, the
inevitability of high-energy snrface contamination, and inability to compare high snrface
energy suhstrateJtip pairs with contact angle measurements, it would seem logical that the

AFM is more suited for use on substrates of low modulus such as polymers.

Section 7.8 noted that there appeared to he a proportional relationship hetween increasing
applied force and measured pull-off force. Referring to Equations 2.14a, 2.14b and 2.17,
there is no term to account for applied force, and the measured adhesion should be

independent ofload applied to the cantilever. Maugis and Polloc~14 have shown that the
applied load affects the adhesion force only when plastic deformation of the suhstrate

occurs. Schaefer et a1 215 also found similar trends - the adhesion remaining essentially
constant under increasing applied load for colloids of tin and polystyrene on highly
oriented pyrolitic graphite (HOPG). However, there does appear to he a slight increase in
adhesion with applied load for glass colloids on HOPG. This may be a result of

compression of sunace asperities with higher loads, increasing the number of asperities
in contact between the tip and substrate and thus increasing interaction area and measured
adhesion. This may also help explain why faster scan rates produce larger adhesion peaks
in the force-distance curves. A higher scan rate will imparl the tip with greater kinetic
energy and momentum, and asperities may be increasingly compressed (and chipped)
under impact loads. This is precisely what is observed experimentally. To reduce the

likelihood of including any snch adhesion artifacts inln a quantitative adhesion study, it is
clear that a very low scan rate is used and a low load applied. At the very least, these
should be reported in published findings so that others may be made aware of these

factors, and also to permit comparison hetwixt experimental results.
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9.

CONCLUSIONS
Promising results for adhesion measurements made using the AFM indicate its value in
probing adhesion interactions. Very good correlation with work of adhesions calculated
by thermodynamic theory was found when probing low-energy interactions. Higher
energy surfaces tended to produce lower values for work of adhesion and surface
energies than was predicted by thermodynamic theory, however these results corroborate
other findings made with the AFM.

The use of the AFM for deriving surface and adhesion interactions overcomes the
limitations inherent in the traditional contactangle-yc approach, which has persevered for
many decades as the ubiquitous means for measuring such parameters. The ability of the
AFM to measure the work of adhesion directly between both symmetric and asymmetric
pairs of surfaces, circumvents the current problem of accurately determining the
interfacial energy for such systems, which currently relies on unproven assumptions.
However, in this role the AFM appears limited by the necessity that several important
parameters must be accurately defined - namely the spring constant of the cantilever, and
the radius of the tip at the time the adhesion measurement was made. This latter
requirement appears more pronounced for hard counterfaces where tip breakage alters the
original tip radii and invalidates the derived values. Also measured adhesion appeared to
be influenced by the scan rates and applied load. Low scan rates and low loads would
appear to give more reliable adhesion measurements and reduce the likelihood of tip
damage.
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Cohesive and adhesive properties of polyester and fluorocarbon paints were also
investigated. It was found that white polyester paint performed significantly worse in
almost all ageing environments, apparently a result of the poor adhesion of the
pigmentation to the binder. Primer B primer was found to be superior to Primer A in
teffi1S of pull-off strength, and it was noted that a thinner primer layer vastly improved the
pull-off strength of the paint coating to the substrate.

The results showed that the paint formulation (both primer and topcoat) significantly
influenced the cohesive strength. In relative terms the adhesion of the coatings studied in
this project was greater than their cohesive strength. This remained true for most systems
even after ageing in an aggressive environment for several months. These results suggest
that attempts to improve the performance of these coatings should concentrate on their
mechanical properties rather than their adhesion.
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